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Chapter I : Introduction

Intensity modulation is a key element of optical

communication systems. The intensity of light enterin9 a

fiber can be changed by varyin9 the laser drive current

(direct modulation) or by externally modulatin9 light

ori9inatin9 from a continuous wave laser. Direct

modulation offers simplicity and low drive power but, is

inherently limited at high freguencies due to laser

relaxation resonance [1]. Also, modulation near the

relaxation resonance requires that the laser be operated

near its maximum output power resultin9 in accelerated

de9radation of the laser. External modulation requires

9reater microwave drive power, has added optical couplin9

power losses, and results in increased system complexity.

However, external modulation is attractive because it

does not have the the inherent bandwidth limitations of

direct modulation. An external modulator fabricated on

and usin9 the electro-optic effect in Gallium Arsenide

(GaAs) is even more attractive because it is potentially

integrable with GaAs lasers. Integration of the laser

with the modulator could reduce optical couplin9 losses

and system complexity while allow_n9 modulation at

freguencies above the laser relaxation resonance.

-1-
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The highest bandwidth

is a lithium niobate

Mach-Zehnder interferometer

wavelength with a bandwidth of 17 GHz

Recently, three electro-optic Mach-Zehnder

have been reported on GaAs at 1.3 micron

external modulator

(LiNbO_)

operating

reported

travellins wave

at 0.83 micron

[2],[3],[4].

modulators

wavelength

[5],[6],[7]. The highest bandwidth achieved was 4.5 GHz

[5] usin9 bulk electrodes. The bandwidth of bulk

electrode modulators is ultimately limited by the

electrical RC time constant or the time reguired for the

light to propagate through the modulator.

Theoretically, these limitations can be overcome with

transmission line electrodes. This was attempted by Lin

[7] who obtained a bandwidth of 4.1GHz. In the case of

transmission line electrodes, the microwave sisnal

propagates slower- than the light and the bandwidth is

limited by the "walkoff" between the two waves over the

device length. Better matchin 9 of the microwave and

lisht velocities offers a potential for hisher

bandwidth•

To integrate the modulator with a

heterostructure laser, it is necessary

modulator operatin9 at 0.78-0.88 um wavelength.

modulators and lasers could be integrated with

components on GaAs

Integrated Circuits)

GaAs/GaAIAs

to have a

GaAs

other

MMIC's (Monolithic Microwave

to form a fully integrated _iber
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optic transmitter. This thesis will investigate for the

first time a Mach-Zehnder electro-optic modulator

fabricated on GaAs, operatins at a wavelength of 0.82 um,

and utilizin9 travelling-wave electrodes.

Some background information on fiber optic links,

modulation techniques, and a review of previous work is

provided in Chapter 2. Chapter 2 also describes some of

the requirements of an integrable GaAs modulator. The

electro-optic effect of GaAs is examined in chapter 3

a!on9 with the Mach-Zehnder intensity modulation scheme.

Chapter 4 describes the investigation of low loss, single

mode optical waveguides. The design of coplanar

electrodes is discussed in Chapter 5 and a fully

dimensioned modulator desisn is presented. The modulator

bandwidth of 11.95 GHz is calculated alon9 with its drive

power requirement of 2.335 watts• The hish drive power

is an issue to be addressed

the theoretical bandwidth is

GaAs modulator.

in future experiments, but

hisher than any reported



Chapter 2: BackAround

2.1 Motivation: Advantaqes of Fiber" Optic Links

In the realm of high

optic links offer several distinct

traditional microwave electronics.

encompass lons distance communication

speed communications,

distance applications such

(LAN's) and antenna arrays.

fiber

advantases over

These advantages

links and short

as local area networks

Low attenuation, low cost,

immunity from electrical interference,

high bandwidth are all offered

communications [1].

light weiBht, and

by fiber optic

Lon9 distance telephone communications can

especially benefit from low attenuation, low cost, and

the absence of electrical interference. These links

usually operate at a laser wavelensth of 1.3 microns

where fused silica fibers exhibit their- lowest

attenuation• For example, silica based sinsle-mode

__1wr .... f'_ .... offer" losses of 0 47 dB/km at 1 3 1.6

microns [8]. This is three orders of masnitude smaller

than RG-40c) coaxial cable <1115 dB/km) and . 141

semi-rigid coaxial cable (790 dB/km) when operatin S at 5

GHz [2]. This dramatically reduced attenuation means

-4-
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fewer repeater stations over Ion9 hauls, resultin 9 in

lower system cost and complexity.

Short distance communication links are attracted by

the li9ht wei9ht, reduced size, interference immunity,

and high bandwidth of fiber optics [9]. Much space is

occupied by copper cables used to interconnect computers

q

in local area networks. Space is even more critical

when tryin 9 to feed lar9e antenna arrays. The hollow

metal waveguides presently used in the 20 - 30 GHz

satellite band are impractical for feedin9 the millions

of elements engineers hope to use in the future. In

addition, crosstalk between the closely spaced array

elements can be reduced if not eliminated by usin9 fiber

optics. Wei9ht is another major factor for antennas

used on satellites which must be launched into space

aboard rockets with limited payloads. Further reduction

in size and wei9ht is possible i_ the many copper cables

can be replaced by a sin91e optical fiber carryin 9

frequency division multiplexed si9nals.

Fiber optics will not yet solve all of the problems

mentioned above for antenna

above 17 GHz have been

application to the 20 -

unrealizable. In

these short haul,

arrays. To date, no links

reported, makin9 thelr

30 GHz satellite band

addition, the power requirements of

hi9 h bandwidth links make them
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impractical for satellite applications where the

available power is limited. But, the tremendous

advantaBes offered for hi9 h freguency communications by

fiber optics make it an active area of research.

Direct vs. External Modulation

A typical fiber optic communication link is shown

in figure I. It shows the three major components of a

communication link: the transmitter, the optical fiber

as a transmission media, and the receiver. The light

entering the fiber can be intensity modulated by either

a direct or- an external method. The definitions and

advantages / disadvanta9es of these two methods will be

examined in the followin 9 paragraphs.

A direct modulation scheme is shown in fi 9. lb.

Here, the RF si9nal is added to the laser diode bias

current in a microwave matchin9 network. In this way

the 1_pr intensity is modulated directly by changin 9

the laser drive current. This method has the advantage

of simplicity, but suffers from two disadvantages.

First, the usable bandwidth

relaxation resonance which

cavity 9eometry and material parameters.

is limited by the laser

is determined by the laser

To date, the
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hishest direct modulation bandwidth reported is 16 GHz

at room temperature, while up to 26.5 GHz has been

achieved if the laser- is cooled to -60°C [103. Second,

the high bandwidths are only available when the lasers

are operated at their maximum output power. This may

result in faster degradation of the laser diode [I].

For operation above the laser relaxation resonance,

an external modulation scheme (fi 9. lc.) must be used.

In this method, the laser is biased for continuous wave

operation and the beam passes through an external "black

box" for modulation.

number of effects

Franz-Keldysh effect,

modulation. This thesis will

electro-optic effect because

promise in past modulator

The "black box" can use any of a

(electro-optic, acousto-optic,

9uantum wells, etc.) to achieve

approach only the linear

it has shown the most

reportin_s. External

modulation also suffers from two drawbacks. First, the

system is made more complex by the addition of the

external modulator element. Second, siBnificant optical

power losses result from couplin 9 I _-_,,_ _,,t_-- and out uf

the modulator. However, for modulation at freguencies

above the relaxation resonance, there is no alternative

to external modulation.

An external modulator integrated on the same chip

as she laser source offers advantases over both direct
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and external modulation. The laser resonances would not

limit the modulation bandwidth because the laser would

be operated as a continuous wave source.

couplin9 would be significantly improved by

the laser-to-fiber and fiber-to-modulator

required by the conventional external modulator.
%

complexity would be reduced to

modulator. This would be at

complicated fabrication process

the level of the

the expense of a

to accomodate both

laser- and modulator technologies. Overall,

"integrated external modulator" could combine the

of both worlds.

The optical

eliminatin9

junctions

System

direct

more

the

an

best

_ Review of Previous Worka_.i -'

As mentioned

bandwidth eyternal modulator yet

niohate (LiNbO_) device reported

Yen [2],[3],[4]. This was a

(fig. 2)

coefficient

electrodes.

utilizin 9 the high

of LiNbO_ as well

It demonstrated a 3 dB bandwidth of 17

in the introduction, the highest

reported is a lithium

by Gee, Thurmond, and

Mach-Zehnder modulator

(r_) electro-optic

as travellin9 wave

GHz

and complete intensity modulation with 120 mW of drive

power at 0.83 um wavelength. The change in electrode

voltage required to swin9 from minimum lisht intensity



-10-

MAT C"'_O

TE RMINATIOhl

.>

Io _ CR_L.

Figure 2. LiNb03 Modulotor [43

at the output to maximum intensity was Vpi = 5 V.

Unfortunately, LiNbO. has limited optical power handlin9

cmpabilities because it is a photorefPactive material

susceptible to optical damage [I]. Gee et. al.

reported, "photo-inducea optical thPoughput losses even

at low optical power levels (<50 uW at 0.6_._ um into 4

um channel waveguides)" [4]. In addition, 9uestlons

have been raised about the DC bias stability of

modulators fabricated on LiNbO_. Ultimately, the
,J

technology barrier makes it impossible to 9row LiNbO 3. on

Therefore, integcat ion of

a diode laser is also

any semiconductor substrate.

a LiMbO_ modulator" with

impossible.

The f it-st high bandwidth GaAs modulator was

reported by Donel ly, Demeo, Ferran te, Nichols, and

O'Dor, nell [11] in Auqust of 1984. They demonstrated
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than Y-branches,

po_er transTer

accurately.

modulation of 1.3 um light usin9 a 2 mm interaction

re9ion [6]. They reported an extinction ratio* of 14.5

dB at the output with a Vpi of 22 V applied to one arm

of the modulator. They reported a bandwidth of 2.2 GHz

(_3.0 GHz small si9nal optical intensity bandwidth)

which was limited by the RC time constant of the bulk

..
electrodes used to establish the microwave field. One

unusual feature of this modulator is that it used three

suide couplers (fi 9. 3) to evenly couple light from the

input 9uide into the modulator arms and then back into

the rJutput 9uide. While this is easier to fabricate

the interaction length for complete

is critical and difficult to predict

The second hi9 h bandwidth GaAs modulator was

reported by Buchmann, Kaufmann, Melchoir, and Grekos in

Mat-ch of 1985 [5]. It utilized bhe more traditional

The e::tinction ratio is a measure of the ability of

modulator to change light intensity.

extinction ratio = - 10 Io9 (I -I )/I I < I
o m o m -- o

- 10 lo9 (I -I )/I I > I
m o m m -- o

whet'e I is the transmitted intensity when the maximum
o

electrical siBnal is applied and I is the transmitted
m

intensity when no electrical siBna! is applied [12].
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Y-branches for power splittin 9 into (and combinin9 out

of) the modulator branches. The "Y" was fabricated by

usin9 reactive ion etchin9 (RIE) to make a sharp tip

with vertical waveguide sidewalls and thus reduce losses

at the junction (fi9 4). Their device demonstrated an

extinction ratio of 12.7 dB usin9 a V of 13 V when
. pi

operated in a push- pull confi9uration (opposite

polarity voltages applied to each branch) at a

wavelength of 1.3 um. The optical signal bandwidth was

reported to exceed 4.5 GHz which is the highest yet

reported for a GaAs modulator. As with the Donelly

modulator, the bandwidth of this device was limited by

the RC time constant of bulk electrodes.

Most recently, a GaAs modulator usin9 travellin9-

wave electrodes was reported by Lin, Warts, and Houn 9 in

Au9ust of 1986 [7]. This device also operates at 1.3 um

with an optical extinction ratio of 13 dB when a V of
pi

8 V is applied to one arm. It demonstrated an optical

signal bandwidth of 4.1 6Hz, limited by the "walkoff"

between the microwave and optical fields. This

"walkoff" is due to the fact that the microwave field

propagates throu9h the modulator's interaction re9ion

slower than the light. Thou9 h this modulator did not

achieve a higher bandwidth than the Buchmann device, it

is a milestone as the first travelling-wave GaAs
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modulator. The travellin 9 wave electrodes (with proper

velocity matching) potentially offer a higher bandwidth

than bulk elects-odes [13].

2.4 Issues of Inteqration

All of the GaAs modulators reported have been

designed to operate at a wavelength of 1.3 um. The

motivation for this is be__t understood from a historical

perspective on optical fibers. The earliest links

operated exclusively

near- 0.8 um

wavelength where

fiber's exhibited a

local minimum in

attenuation (fiB. 5).

In the mid 70°s,

improved fused silica

fibet-s showed lower

attenuation near 1.3

um and 1.6 um

wavelengths.

20 :!>' 19"_Os

 '°KyJgso

t::: ] /_,tid I q70_,

1.0

C) 2 / Earl), '.'.,Os

0 II I t i _ t

o00 _uO
IUUO J200 1400 lOUt.) loOLI

'A,'avdeng th {nm_

[I4]

Figure 5. Fiber Attenuation vs. Wavelength
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The choice of 1.3 um was driven by the availability of

InGaAsP laser diodes operatin 3 at this wavelength. Some

work at 1.6 um has more recently been undertaken to to

take advantage of even lower- attenuation at

wavelensth in the 1980's. This historical evolution

directed by the need for-e×tremely low losses in

distance communication links. However in'short

such as local

th__ higher

advantages to

(n_ar- 0.8 urn).

Though no

area networks and

attenuation is

operatin 9 at

antenna at-rays,

tolerable, there

shorter"

this

was

Ion9

links,

where

are

wavele_,sths

G_As or GaAs/GaAIAs

on OaAs substrotes.

is possible, both

fabricated on the same type of semiconductor

heterostructures St'own epitaxial ly

Before any attempt at integration

the modulator and laser must be

substrate.

attempt to fabricate an integt_a_ed

external modulator will be made in this thesis, it is an

important lon9 range technologic 9oal. Lasers operatin 9

at a wavelength of 1.3 um are an InGaAsP technology

grown epitaxially on InF' substrates because there is

9ood lattice matching between the InGaAsP layers and the

InF suostrate. Lattice matchin 9 is importan_ to avoid

thermal stresses when power is applied to the laser for

lon 9 periods of time or near- its threshhold current.

The reported III-V modulators are either doped layet-s of
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Poor lattice matching between InP and GaAs will make

this difficult usin9 the reported modulators and InGaAsP

lasers. Semiconductor lasers using GaAs/GaAIAs

heterostructures Srown on a GaAs substrate are available

in the wavelength ranse of 0.78 um - 0.88 um. If a

modulator usin S films 8town epitaxial ly on a GaAs

substrate could be made to operate in this wavelength

range , it _ould have the potential to be inteBrated with

a laser on a GaAs substrate. In addition, GaAs MMIC

(Monolithic Microwave Integrated Circuit) Technology is

advancin 9 rapidly. A GaAs modulator could be integrated

with a laser and other" transmitter components for a

fully intesrated fiber optic transmitter.

Unfortunately, making a modulator" operate at the

shorter wavelensths does not mean simply shining 0.82 um

light into one of the previously reported modulators.

In each of these modulators, the actual 8uidin S layer

carryinB the light is GaAs. Figure 6 shows that GaAs

has a high absorption coefficient at this wavelength

[15]. This means that much o_ the iight would simply Oe

absorbed by the guide layer" independent of the applied

microwave field. This problem can be solved if GaAIAs

layers are useO to guide the lic]ht. The substitution of

aluminum for" gallium in the crystal lattice shifts the

absorption edge to shorter wavelengths (fiB- 6) 9ivin9
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the GaAIAs layers low absorption coefficients at the

wavelength of interest. This technique of usin 9 GaAIAs

to reduce the absorption in a modulator has been

demonstrated at low freguencies usin8 a waveguide phase

modulator operatin 8 at a wavelensth of 0.88 um [16].

2.5 F ,'cb ] em Statement

_m

Given the background presented in this chapter, it

appears that before a laser and modulator can be

integrated, a GaAs modulator cperatin9 at the wavelength

of GaAs/GaAIAs heterostructure lasers must be designed.

This thesis will investigate the design of a modulator

fabricated on and usins the electro-optic effect of GaAs

while cperatin9 at a wavelength of 0.82 um. This

includes utilization of the maximum electro-optic effect

available in GaAs, the design of low loss

optical wavesuides , and travel fins wave

offorin3 a potentia! for higher bandwidth.

drive voltage and power of such a modulator

theoreticml ly determined alon 9 with the

bandwidth.

single-mode

electrodes

The reguired

will be

potential



Chapter 3: Electro-Optic Modulation in G_As

3.1 Electro-Optic Effect of GaAs

In 9eneral, the

crystalline material is

refraction in

electric field.

applied field

electro-optic

a change in

effect in a

%

its index of

the presence of an externally applied

This change can be proportional to the

(linear- effect) or proportional to the

square of the applied field (Kerr effect) [17].

_,tith its cubic lattice structure falls into the

category and exhibits the linear electro-optic

[I_].

GaAs,

first

effect

The electro-optic effect in GaAs is a result of the

Tact that it is a birefrinsent material in the presence

of an external field. That is, lisht propagatin9

through the crystal can be decomposed into orthogonally

polerized waves. These ordinary and extraordinary waves

will propasate with different velocities. This results

in a change in the direction (but not the ma9nitude) of

the total optical field as it propagates through the

material.

The change in the velocity of propagation can be

described by a directionally dependent index of

-ic_-
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refraction. This is because the velocity of propaBation

(v) in a material is related to the speed of lisht (c)

throush the index of refraction (n) by:

V ---- C
(3.1)

The index of refraction in any material can be fully

described by an index ellipsoid.

11 -[n,-, 1 ,., 1

__l xa ya +
° ° 2 3

ili ili+ 2xz ni_ + 2xy =
.5 6

(3.2)

Where the (I/n _) directional
i

coefficients can be

changed by the application af an external field. The

eguation is simplified (in the absence of an external

field) if the x, y, and z coordinate axes are taken as

the p_-incipal axes of the material. These are the

orthogonal directions alon 9 which D and E remain

parallel.

1 1 1

n n n
x y z

= 1

(3.3)

If the coordinate axes

principal planes

coordinate system

e::ternal field

are defined

will rotate relative

and (3.2) must be

is applied. The

as in (3.3), the

to the fixed

used when the

six directional

coefficients of the index ellipsoid chance linearly with

the applied field accordin9 to
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3

. niz = _ r i jEj

. . i j=l
(3.4)

where r are the electro-optic coefficients of the
Ij

material and j represents the 3 orthoBonal components of

the coordinate system (l=x, 2=y, 3=z).

To simplify the discussion, it is best to specify

the crystal as GaAs at this point. GaAs falls into the

zincblende class of cubic lattices where the only

nonzero coefficients

shovJs the possible

are
r'A- 1 ,.J.,_

8eometr-ies with

= r63. Figur'e 7

the correspondin9

inaex ellipsoids and relative phase shifts for-

zincblende crystals [18]. For the maximum phase shift,

the _eometry is repeated in fisure 8 as it will be used

for the modulator. The unprimeO coordinates represent

the principal system with no ai_plied field, while the

primed coordinates represent the principal system when

the field is applied. The external applied field is:

I -/x _. +

= --I +a l m

The eguation

appl_ed is:

+ +

• . [.no .J

of the inde;" ellipsiod

(3.5)

with the field

In_Z] + 2r41Em -,-- !yz + ;:z] = i
(3.6)
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The eguation shows that without any externally

field, GaAs has the same index of refraction

directions and is not birefringent at all.

coordinate systems are related by:

applied

in all

The

I I :"i 4.2 V iX = _ 4. Z _
(3.7.a)

,{.+v lT''_ 7'2
(3.7.b)

1
,. y' ;.:' ")

3"'2

(3.7.c)

If equations (3.7) are substituted into eguation

the eguation for the index ellipsoid becomes:

c×') 2 + cy')=
° _ - r41E m + r41E m

(z,) -=
+ _ - 1

n
o

.2
The new (i/n ,,

x

n _
o

If n ' is solved for and only
;.,

binomial expansion of n 0 is clsed,

= n
nx' ' 0

can be read from the equation as:

r41E m

the first term

1

Iino }- °r41 _ n o 1+ 2

(3.6) ,

(3.8)

(_ 9)

of a

(3. 10)
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similarly,

no2r41Em ]ny, = n o 1 2
(3.11)

while n z' = n o is not effected by the applied field.

which is polarized(E)
0

field is incident on the

If an optical field

parallel to the applied

1

(a x + ay J E o

crystal,

(3.12)

determined. For this particular field direction,

notation is independent of the coordinate system.

is: ^ ._. ._ ^

a x + ay = a x, + ay,

by the crystal can be

the

That

(_. 13)

At the endface of the crystal, the optical field is:

Eo [ .... e-Jk,,l _y -jk ,i]
- -- a× " + e Y (3.14)

E-°ut Y/_2

and the relative phase shift of the

components is seen to be:

ky 2n -ny ") (3.15.a)F = _:x,l - ,lJ = ,_-- I _;.:, ,.

orthogonal

_n iI[_n + _ 3. E . 1 3no '41 m)- I-nO--_no r41Emjj (3. 15.b)

2nl 3
-_-- n o r41 Em

(5.15.c)
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These results are exactly those reported by Namba e'_cept

for E . He chose to replace the 9eneral applied fieldm

with the field set up by parallel plate electrodes on

the sides of the crystal• The more Beneral expressions

usin9 E directly will be more useful in them

Mach-Zehnder analysis of section 4.2.

In the foresoin9 analysis, GaAs has been analyzed

as the electro-optic crystal. However, the absorption

edse problem discussed in section 2.4 forces the use of

GaAIAs for a modulator operatin 9 at 0.82 um wavelength.

This discrepancy can be resolved by the fol lowin9

arsument. The electro-optic effect is primarily

determined by the structure of the crystal lattice• If

the GaAIAs film layers are

substrate, these layers

crystallosraphic geometry,

of the GaAs substrate.

9rown epita_:ially on a GaAs

will have nearly the same

dimensions, and orientation

Therefore, the electro-optic

coefficient (r41) and analysis of the epitaxially

GaAIAs film layers will be taken as that of a bulk

_rown

GaAs

crystal. Data on the coefficient of GaAs s=
r41

included in Appendix., A.
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3.2 The Mach-Zehnder Modulator

The geometry used to determine the electro-optic

effect in section 3.1 produces a phase shift between the

primary orthogonal components of the optical field.

This means that the intensity of the lisht is unchanged

(neglectin9 losses in the crystal) while the

polarization has been rotated throush an angle C / 2

(fig. 9.a). For fiber optic communication systems, the

easiest signal _u d_t_Lt is lisht intensity ..... r .....

modulator could be converted to an intensity modulator

by insertins another polarizer at the output [13],[19]

(fiB. 9a). As an alternative, a Mach-ZehnOer

interference scheme (fiB. 9.b) can be used to achieve

intensity modulation [19],[20]. Here, the input optical

field is divided equally into the two arms of the

modulatot-. An external field applied to the arms causes

lisht in one arm to be phase shifted relative to the

other _. When recombined at the output, the light

interferes and if the relative phase shift is 180 ° ,

complete intensity modulation is observed. The

Mach-Zehnder will be examined in more detail in the rest

of this section.

A geometry in which the external field is applied

to the modulator arms in opposite directions with a
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polarization parallel to the incident light polarization

(fi 9 9.b) will produce the maximum relative phase shift

available in GaAs. The externally applied fields are:

,-% ._

E1 _ 1 (a x + ay .] E m = -E_2 (3.16.a)

where
E 1 is applied to one of the modulator arms and _2

is applied to the other. The incident optical field

(E ) can be represented as it was in section = 1
--0

L.. 0 "^"

E__.O- ,'- [ax.+ ay )

.f-,

(3.16.b)

The field at the output of each

shifted to :

arm has been phase

E

El out - o

YE
e-Jk.., i+ -jky,lla x , "" ay,e

(3. 17. a)

Fe x ,e + ay,e
.

(3.17.b)

E -jP I
O o

-- eE2out _-

-Je .-, _-_--

Ca;:,e + ay,e )1
(3. 17.c)
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F _ nl 3 Emwhere e = -2r X no r41 (_. 18)

is the relative phase shift derived in section 3. I.

When the phase shifted fields reach the octtput guide,

they interfere and add vectorially to give:

-Jkol .... Je -Je

-E° e (a..,+ ay,)le +e iE-_ut "_'E ""

EO COS e ÷ a i

._'- ..a . _._ _ y

(Z. 19)

The iight at the output of the modulator is polarized in

the same direction as the input light. The magnitude

has been chansed (due to the applied field) while the

phaze shift is equal to the propasation delay through

the modulator. The intensity at the output is:

I = _ E ° E] = Eo 2 cos2[_il
(3.2 0 )

and intensity modulation is seen to be an inherent

property of the device. Since the phase shift is

proportional to Em, the r-elation between the output

intensity and the applied field is not linear (fiB. 10).

Ho_ever, if _ ..........._i,e device _ h_ased wi_h a 9(")° phase shi_t_

small siqnal modulation that is approximately linear can

be achieved.
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Figure 11. Exciting the first assymetric

optical waveguide mode



3.3 Wave_uide Constraints

Some further insight into the nature of the

modulation can be 9ained if the equations are derived in

a slightly diTferent way. The derivation is the same as

the previous section up to

exponentials can be converted

give,

eguation (3.17). The

using Euler's formula to

E o e-Jkol f ^ ... ^

E--l°ut - yx'_2 t ('ax+aY _)c°s(O)+jazsin (0) ;,,_'_]-_.(3.21.a)

E2ou_ - _ _ - (a:+ay[)COS(_)-ja_sin(_)_ ?.. (3.21.b)

The moOulation process is really a mode convepsi__n in

the modulator arms. Optical power is converted from its

input polarization (a +
-3"

component _z through the

a )/ 2, to the orthosonal
--y

electro-optic effect. The

conversion is in

and the a
--Z

destructively.

opposite directions for- the two arms

components wi i I a !_-:ays interfere

In the pt_evious analysis, a method of suidin 9 the

light through the modulator has not been discussed. It

will be shown in Chapter 4, that it is possible for the

optical wave_uides to support multiple modes. If the



-33-

octtput wave9uide supports a second mode, the above

analysis breaks down. The opposite a fields can excite--z

an assymetric mode in the output 9uide (fi9 11)• If

supported, the li9ht will propa9ate (with two intensity

peaks) to the output of the modulator and no intensity

modulation takes place. If the output 9uide is single

mode, the energy which would excite the assymetric mode

is simply radiated into the surroundin9 substrate and

does not reach the modulator output. Therefore, the

octtput 9uide must be single mode to prevent excitation

of the assymetric mode and achieve intensity modulation.

The problem of desi9nin9 single mode optical waveguides

will be addressed in the next chapter.



Chapter 4: Optical Wavequides

4. 1 Wavequidin.9 Structures

The Mach-Zehnder modulator requires some form of

optical wavesuidin S which must meet two requirements.

First, the optical suides must exhibit low propagation

loss [20]. Other_ise, too much optical power is lost in

the modulator even iT no intensity modulation takes

place. Inefficiency due to coupling and propagation is

a disadvantage of external modulation that needs to be

minimized. The second requirement of the optical

waveguides is that they be single mode. As discussed in

the previous section, this is necessary to achieve the

intensity modulation in the Mach-Zehnder.

Four possible dielectric waveguiding structures are

shown in figure 12 [7],[20],[21],[22]. In all optical

wave_uides, the light will concentrate in the area with

the hiBhest index of refraction and trail off

exponentialiy in the areas of lower index, in all of

the waveBuides shown, the liBht is vertically confined

to the layer with the highest index of refraction.

However, each employs a somewhat different method of

lateral confinement to form "channel" waveBuides. In

-34-
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the metal clad waveguide (fig. 12a), lateral 9uidin9

takes place because the metal reduces the effective

index of the substrate below. This 9ives the center

unmetalized strip a hi9her index than the surround and

the light concentrates in the center. In the strip

loaded and rib wave9uide structures, the effective index

of the center is a9ain hi9her for 9uidance in this

region. In the strip loaded rib waveguide, the rid9 e

again increases the effective index of the center

relative to the sides. But here, the 9uide layer is

separated from the surface by an insulatin9 layer•

A significant step toward reducin9 propagation

losses can be taken with the proper choice of the

waveguide structure. In the metal clad waveguide,

losses result when frin9es of th_ optical field are

absorbed by the metal. In all optical waveguides, a

major source of loss is scatterin9 from imperfections in

the 9uide. The lateral confinement is patterned by

lithography and formed by etchin9 or liftoff processes.

These techniques yield sidewalls which are not perfectly

vertical, not perfectly smooth and hence, scatterin 9

from these lithographically defined boundaries results

in losses. In metal clad, strip loaded, and rib

waveguides, the optical field is in close contact with

these litho9raphically defined boundaries. However, the
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strip loaded rib waveguide has an isolation layer

between the lithographically defined Ioadin9 rib and the

9uide layer. This means that the light intensity at the

lithographically defined boundary Is decreased, and less

light is scattered [23]. For- this reason, the

strip-loaded rib waveguide was chosen to provide low

loss optical waveguidin 9 for- the modulator.

4.2 The Effective In0ex Method

The optical fields can be calculated for the strip

loaded rib waveguide by usin9 an effective index method.

This approximation is valid if the optical field is well

confined and " for modes not near cutoff [22]. It is

assumed that the light passes through a polarizer before

enterin 9 the wavesuide and is polarized parallel to the

film layers. Furthermore, the solution is separable and

can be written as E (×,y) = E (x)E (y). E (_:) is found
Y Y Y Y

by solvin9 a 4-layer planar suide in regions I, II, and

IIl as if each is infinite in the y direction (d/dy = O)

as shown in figure 13.b. The different 9uide layer

thickness causes the effective propagation constant in

the center 9uide to be different from the outer guides.

An effective index in each of the three regions is then
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obtained as nef f = ;3el f / k0 and a 3-1ayer planar

(fig- 13. c) is solved in the lateral direction to

9uide

9ive

E (y) and the propagation constant for the total
Y

The total optical field is then the product

suide.

of the

separated solutions•

The terms TE

optical waveguidin 9

and TM when used in

hold a

reference to

somewhat different meanin_

than their use in microwaves. The microwave definition

states that TE implies E
Z

= 0 while TM means H = 0 for

propagat ion alon_ the z axis. A more strlngent

definition is used when referrin 9 to optical wavesuides

because light can be polarized before it enters the

9uide. The only nonzero components of the TE mode are

Hx, Ey, and H z

Hy, and E_ components

(fig. 14a) while the TM mode has only E ,

(fig. 14b). Usin9 these

is a TE mode while

(fig. 14c). The

of a TE and a TM

definitions, the solution for E (x>
Y

E (y) represents a TM mode solution
Y

total solution E (x,y) is the product
Y

mode and thus has both E and H components.
Z Z

4.2.1 The 4-Layer Planar Guide

The 4 layer planar waveguide is shown in figure 15

with the coordinate system defined. For confinement of
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light in the 9uide layer, it must have the highest index

of refraction (n I > n_ > n o > n_). In addition, the

propagation constant must be restricted (n_kO. < _eff <

nlk O) to avoid propagation in the claddin9 layers.

To find a TE solution, assume a solution in each of

the layers usin 9 trigonometric , hyperbolic, and

exponential functions. Unspecified constants are left in

the solutions and are used to satisfy the boundary

conOitions on the electric and magnetic fields.

Appropriate functions capable of satisfyin 9 the boundary

conditions are found to be: [22],[24]

E (x) =
Y

A G sinh(w) e::p(q3 x)

A G sinh(q2x + _)

A cos[hl(x-tf-t8)+ _) ]

A cos (_) exp[qo(tg+tf-x) ]

(4. 1 .a)

(4. 1 .b)

(4. 1 .c)

(4. 1 .d)

j (wt - Bz)
where the e factor has been omitted for

notational convenience. The constants G, psi, phi, qo'

hl' q2' and q3 will be chosen to satisfy the boundary

conditions. For equations (4.1), the film layers are

specified by the suffix letter on the equation as

defined in equations (4.2)•

,.,,< r_. (4. _..a)

0 _< x _< tf (4.2.b)

tf _ x _ (tf+t 9) (4.2.c)

(tf+t 9) _ × (4.2.d)



-42-

This convention will be adhered to for the rest of this

section.

The unspecified constants qO' hl' q2'

related to the propagation constant by:

and q3 are

n32kO 2 (4.3. a)932 = Pe f -

2 2 n 2ko 2 (4.-.b)
w

92 = _e f "

h12 = _3ef ÷ + n12ko 2 (4.3.c)

2 "" k 0 2
- -_ " (4.3.d)

qO = 13e f - no

A derivation of the required boundary conditions is

supplied in Appendix B.I. Using the boundary condition

requirln9 that E be continuous at the interface :: = tf
Y

yields:

G sinh(H2tf+ _) = cos[hl(tf-tf-ts)+_)] (4.4.a)

cos [ hlt 5 - _ ]
G = (4.4.b)

sinh [ q2tf + _ ]

In addition, continutiy of dE Y
/ dx is required at all

of the interfaces.

I A G 93 sinh(_) exp(93x)

dE),(x) A G 92 cosh( 92x + _ )

d:: - A h I sin[hl(X-tf-tg)+_)

- A 90 cos(_) e,':P[9oits+tf -_:)]

(4.5.a)

(4.5.b)

(4.5.c)

(4.5.d)

Equatin_ at the boundaeies yields:

I • x = 0

A G q3 sinh(_) = A G 92 cosh(_)

]g2 1
_, = tanh -i [ .-'_3. I-

(4.6.a)

(4.6.b)
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f

A G q2 c°sh(q2tf+_) = - A h I sin(hltg-_9 (4.7.a)

q2 coth (q2tf+_) = h I tan(hltg-_9 (4.7.b)

3. x = (t + t )
f S

- A h I sin(_) =- A qO cos(_) (4.8.a)

( q'-' )= tan-1 _ . (4.8. b)

Substituting (4.6) and (4.8) into (4.7) 9ives a single

_]uation to account for all three boundary conditions.

q9 coth {q2tf + tan-l[_] } =
- k '-' ) "

lq,-,1
hI tan h t9 - l .t }tan -1

Since the tangent function repeats every pi radians, the

hisher order modes can enter the solution here. After

some rearranging, the total eigenvalue equation becomes:

= 0 = hit 9- m_ - tan -1 glh-Tl

- tan-I _ q_ coth._q2tf+tanh-1 [q01)'I (4 i0)lhl J.iJ "

where m = O, 1, 2, ... is the mode number.

Now, the propasation constant can be found usin9 a

computational bisection technique to find a root of eq.

(4. 10) [25]. The endpoints are n2k 0 < fief f < nlk 0 and

-6
equations (4.3) and (4. 10) are used until ',_I <_ 10 in

eq. (4.10). Then Bef f can be substituted into equations

(4.4.b), (4.5), (4.7), and (4.1) to determine the actual

field 9uantitie s. The subroutines fop solvin9 the
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eigenvalue eguation and determinin 9 the field

are included in Appendix C.

intensity

._._ Lateral Solution

Once the 4-Layer planar _uides have been solved in

the three regions (fis. 13), an effective index for each

region can be determined from the effective

constant in that _-e9ion [21],[22].

I_eff

nef f - ko

propagation

(4. 11)

The lateral 3-Layer planar 9uide is shown in figure 16

with the same absolute coordinate system that was used

for the 4-Layer solution• Again, the notational

convention of relatin8 the re9ions with the letter

suffi_ in each equation will be used.

JYl < tRW (4 12. a)

IYl > tRW (4.12. b)
- _-2--

The solution of the

derived in the same way

3-Layer planar 9uide can be

as the 4-Layer solutions.

Ho_,ever, the equations are simplified by symmetry

because the outer re9ions have the same effective index.

Solutions of the form:

E (y) =
Y A cos (h_y)

A G e,,p(-_l _Y _)

(4 I_ a)

(4. 13. b)
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where the constants 91 and h 2 are defined by

h2 _ = L3_ + n2_f÷ ko_

912 = 132 n12- elf k02

(4. 14.a)

(4.14.b)

and are used to satisfy the

reguired boundary conditions

boundary conditions. The

are derived in Appendix

Bm __. The constant G is determined by the boundary

= /o
condition re9uirin 8 continuity of Ey at y tRW -.

A cos (h2tRW / 2 ) = A G exp (-91tRW / 2) (4.15.a)

G = cos (h2tRW / 2 ) exp (91tRW / 2 ) (4.15.b)

The _ounoary conOition reguirin8 dE / dy be
Y

at y = tRW / 2 is again used to determine an

equation. Startin_ with dE / dy,
Y

dEv(y ) f- A h 2 sin (h 2 IYl )

I
A G 91 exp (-91 lye>

continuous

eisenvalue

(4. 16. a)

(4. 16.b)

- A h? sin(h2tRW/2> = -A G gle>:p(- 9 t /?) (4.16. )- 1RW - c

substitutin_ for G, and modifyin_ the e9uation to

account for higher order modes yields the final

eigenvalue equation.

_ = 0 = h_ -mn- Otan-I _1" IitRW - (4.17)

The propagation constant is again found as a root

of e9. (4.17) by usin8 a bisectional techni9ue [25] with

nleffko _ B _" n2effko in equations (4.14) and (4.17).

It is not necessary to reprogram the eigenvalue equation
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because e9uation (4.10) degenerates to eg. (4.17) when

t = O. Asain, the subroutines for solvin8 the
8

eigenvalue e9uation and determining the field 9uantities

are included in appendix C.

4.3 Single Mode Guidance

At the end of chapter- 3, it was indicated that the

output waveguide of the Mach-Zehnder must be single mode

mostfor intensity modulation. The modulator" will be

efficient if all guides only support a single mode.

For" a 3-1ayer assymetric planar guide (fig.

the cutoff conditions can be determined

following eguations [21],[26].

1 _ _ 1/2
Y = _7 t k0 [ nl_ - n2- )

17),

from the

(4. 18.a)

- I In_ - n0211/2} Mn
Vc = 1 tan 1 . _ + -_

in I n2-
(4.18. b)

where v is the normalized fre9uency, v is the cutoff
C

normalized fre9uency for mode M, and k is the freespace
0

wave numoer. E9uatin9 (4. 18.a) with (4. !3.b) where t =

+. c_i,,'r_5 "
,_Z

t
c

Mn + tan -I
2 no ]

? ' ]n,..h .'_

_ 1/2
- n_-]k0 In i

(4. 19)
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as the cutoff condition for the thickness of the center

layer. This condition re9uires that t _ t for mode M
C

to propaBate in the 8uide. Therefore, re9uirin 8 t < t
c

prevents the second mode from propasatin 8 and ensures

single mode guidance.

Since the final solution in the effective index
I

approximation is the product of E (x) and E (y), the
Y Y

total number of propagatin9 modes is the product of the

number of vertical modes and the number of lateral

modes. This means that single mode waveguiding is

re9uired in each of the 4-1ayer guides as well as in the

3-1ayer transverse 8uide. For the transverse 3-1ayer

8uide, eguation (4.19) with M=I 8ires the rib width at

which the second lateral mode begins to propagate. This

represents the assymetric mode to be eliminate_ for

Mach-Zehnder intensity modulation. If the field

intensity is neglisible in one of the outer regions of

the 4-1ayer 9uide, the cutoff condition can be

approximated by e9uation (4.19). These conditions will

be useO to limit the thickness of the 9uide layer (in

the 4-1ayer 9uide) and the rib width to ensure that a

single mode is supported by the total 9uide.
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4.4 Isol_tion from the Substrate

Before proceedin_ with the design of single mode

waveBuides, the theory must be made more complete to

describe real waveBuides. Due to the absorption problem

discussed in section 2.4, the _ertical Buidance must be

produced usinB varied concentrations of GaAIAs in the

film layer-s. However, these layer-s will be Brown on a

pure GaAs substrate which has not been included in this

analysis. The complete film layer- structure is shown in

figure 18. Accocdin9 to the Sellmier equation (Appenolx

A), the GaAs substrate has the hishest index of

refraction in the system. Therefore, light will tend to

couple from the 9uide layer nl, to the substrate through

the lower claddin9 layer n 0. Since the substrate is not

transparent at 0.82 um, this light is absorbed and

represents additional pr0pagation loss.

This couplin_ phenomenon has been analyzed by Boyd

[23],[38] usin_ the followin 9 analysis of a 3-1ayer

Buide on a substrate. If it is assumed that the field

in theair is negligible, the 3-1ayer In_, n n.) guide• . i ' U '

on the GaAs substrate can be considered usin9 this

analysis. First, the 3-1ayer 9uide is solved neslectin 9

the substrate. Then, the assymetric 3-1ayer planar

9uide can be solved by usin9 an eigenvalue equation to
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Figure 18. The 5-Layer Structure
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9ive the effective propagation constant in an

similar to section 4.2. From the propagation

the following parameters are defined:

analysis

constant,

neff = _eff / ko (4.20.a)

9 112P = { _"e f - (kono)_" ) (4.20.b)

") "i/2
q = (l-:e_ f - (kon2)- ) . (4.20.c)

Wef f = t S + + (4.._L.d)

The attenuation constant representiin9 couplin 9 to the

substrate is then 9iven by:
I

(n I -net f ) (ne_f-no-) (ns_-neTf)
_ = 4 2 2 _

neffWef f Lnl -n o ) (ns--no']

e-2P to (4.21)

If the light is propagatin 9 in the z direction with

initial intensity IO, the intensity at any point along

the 9uide (neglecting scattering losses) is 9iven by:

-_.z (4.22)
I = I0 e

The design goal will be to ensure that the lower

cladding layer is sufficiently thick" to make radiation

into the substrate negligible over the length of the

modu i a tor.
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4.5 The Modulator Wavequides

With all of the necessary equations to characterize

the strip loaded rib waveguide programmed (Appendix C),

it is now possible to desisn optical waveguides for the

modulator-. As explained in section 2.4, the layers must

be GaAIAs to shift the absorption edge and make the

films transparent at 0.82 um wavelength. Data on the

position of the absorption edse is scarce for low

aluminum concentrations. The photon energy of the

absorption edse vs aluminum concentration is plotted in

figure 19 usin 9 the data of figure 6 [15]. The lisht

wavelength is related to phototon energy (E) by

1.2 _m ° eV (4.23)
X - _ (ev_

The photon energy correspondin9 to the desisn wavelensth

of 0.82 um is indicated in the figure. The absorption

edge is at this wavelength for an aluminum mole fraction

o_ about 0.7. Leavin_ a small safety margin , a minimum

aluminum aluminum mole fraction of 0.1 was chosen for

the film layers [23]. In order to avoid unnecessary

absorption, it is necessary that all 4 of the film

layers be transparent to the 0.82 um light.

The layer structure shown in figure 20 was designed

based on several decisions. To minimize the chance of

error in fabrication, it is possible to ensure a single
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vertical mode independent of the thickness of the top

layer-. This is the layer which will be etched and

subjected to any surface damage effects. Plots of the

9uide layer cutoff thickness vs. aluminum mole fraction

are shown in fi9ure 21 for an infinite upper claddin9

layer and for none at all. For the 0.8 um 9uide layer

thickness, an aluminum mole fraction of 0. I ensures

sinsle mode propagation inOependent cf the upper

claddin9 thickness.

Next, the thicknes_ of the lower claddin 9 layer was

determined to isolate the 9uide from the substrate. For

the 0.8 um 9uide layer, the 3-1ayer planar- structure has

an effective index, nef f = 3.5542. For the lower

cladding thickness of 3.5 um, an attenuation constant of

-1
0.0018 m is calculated. Attenuation is usually

referred to in dB / len9th. This can be converted

using:

i !C_! = -20 Io9 !e-_(cm-l)!

= 1.6 x 10 -4 d_B_B
cm

This means that over a 2 cm device

lost to the substrate is negliBible.

to meet the 9oal of low loss optical waveguiOes.

With single mode propaBat ion insured in

vertical direction, the rib width can be chosen

ensure that a single mode is supported in the lateral

<4.24. a)

(4.24.b)

length, the power

This is essential

the

to
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direction as well. Since the indices of refraction are

effective indices resultin 9 from the solution of the

4-Layer guides, an analytical expression of t as a
C

function of rib height is not easily determined.

Therefore, the cutoff rib width was determined as a

function of rib height by running the analysis program

for- a series of rib heights. The results are plotted in

figure 22. Since the lateral ouide is symmetrical,

st
there is no cutoff Tot the ! mode and any rib width

nd
below the 2 mode cutoff ensures single mode suidance.

For- fabrication reasons, a rib height of 0.065 um

and a rib width of 10 um was chosen. The analysis

results produced by the program (including effective

indices, and vertical and lateral field intensity plots)

are shown in figures _._, 24, and -_. The vertical

3-1ayer approximations appear valid for the 0.5 um upper

cladding layer thickness because the field intensity

nearly zero at the air interface. In addition,

separation of E (x,y) = E (x) E (y) should be valid
Y Y Y

the lateral

should be pointed

confinement under

increased. This

confinement shown

out that in

the ridqe, the _-ib

is impossible if

condition is to be satisfied.

is

th_

for

in figure 25 [22]. It

order- to get better

width must be

the single mode
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4.6 The Y-Branch

Another factor- in the design of optical wave_uides

for the Mach-Zehnder modulator is the desiBn of

efficient Y-branches for optical power dividin 9 and

recomOination. It has been documented [5] that if the
Q

anBle of the Y separation is too larBe , siBnificant

power is reflected back into the input 9uide. On the

nthp,- h_nd_ _ _m_l 1 _nolp r_qllirp_ _ lnno dpvic_ for".......................... ,j ............ . _ _

adefluate separation of the modulator arms. Sasaki and

Mikosniba provided an excellent model for" the power

tr__nsfer thrcugn a Y junction [30]. Fiqure 26.a shows

the Y junction and the dimensional notation used in this

model. The waveguide analysis program is used to

calculate no(nleff ), n I (n2ef f ) , and the propagat ion

constant for- the rib widths d and 2d. The parameter V
i

is then calculated from the definition

0

= o ko d ]'f n 0 (4.25)- n IV i

Usin 9 the correspond in 9 eraph in figure 26. b, a

normalized branchin B anole for the desired power

transmission ratio (F't/F i ) can be determined. The

actual branrhln 9 angle is then related to the normalized

angle by:

_.! = _ i__ d (4.26)
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where 13 is the propagation constant for a wavesuide of

rib width of either" d or 2d because the propagation

constant's are approximately egual anyway.

For the wave_uide structures chosen in section 5.5,

a branchin9 angle of 0.3 ° was chosen in the followinB

way. The power transmission ratio was calculated for a

series of possible branchin S angles. From the waveguide

analysis program usin_ the configuration designed in the

n 0 = 3.55356

= _ 55375
n I _.

d = 5 um

-I
B = 27229712 m

lambda = 0.82 um

Substitutin 9 into eguation (4.24), V i is calculated as

2.82 indicatin 9 a hish power transmission ratio is

available. The transmission ratio for the series of

branchin 9 angles (using the graph in fi B . 26.b) is shown

in table 1. It can be somewhat arbitrarily reguired

that 90% of the incident power be transmitted to the

_0
modulator arms. A branchin9 angle of 0._. meets this

9oal with some margin for error. For higher branchin8

angles , the power transmission ratio begins to fall off

rapidly.



Chapter 5: Electrodes & Modulator Response Analysis

5. I Electrode Geometry

With the optical waveguides designed, the next step

is to determine an electrode 9eometry which will

advantage of the maximum electro-optic effect. It

discussed in Chapter 2 that transmission

(travellin 9 wave) electrodes

higher bandwidth. With this

that little work has been reported

modulators fabricated on semiconductor substrates [7],

this thesis will deal exclusively with this type of

electrode configuration.

Two electrode geometries which could be used as 50

ohm transmission line structures on semi-insulating GaAs

are shown in figure 27. This chapter will show that the

coplanar structure meets all the requirements set up by

the foregoing analysis. The microwave field under the

electrode gap is essentially parallel to the film

layers. This will take advantage of the maximum

electro-optic eTfect for the E optical waveguide mode.
Y

In addition, these electrodes can be driven so that the

microwave fields are in opposite directions in the

take

was

line

of Ter the potential for

motivation anO realizing

on travelling wave

-66-
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modulator arms. This corresponds to the more efficient

push-pull configuration which was assumed in the

Mach-Zehnder analysis of Chapter 3.

In contrast, the stripline of figure 27.a creates a

vertical external field for a maximum electro-optic

effect on the E optical waveguide mode. While this
x

mode has not been analyzed, this alternative 9eometry is

certainly possible. One disadvantase of the stripline

is that the field interaction is only in one arm of the

modulator. This is less efficient than the push-pull

and results in a len_er interaction region to achieve

the same phase shift. If a second strip is added, the

field lines are severely distorted and the field in the

wavesuide region may no longer be vertical.

A less obvious effect of the electrode 9eometry is

its effect on the optical waveguidin 8 properties of the

modulator. The metal overlayer contributes negatively

to th_ effective index of the region beneath it [21].

This means that the optical waveguidins properties of

the ridge are reduced by the strip!ine- The optical

guidance is enhanced by the coplanar electrodes. In

addition, the coplanar electrodes are 9eometricaliy

farther from the optical field, implyin 9 less light will

be absorbed, and the propagation losses will be lower

than for the stripline. For all of the above reasons,
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the analysis will proceed with the coplanar waveguide

structure as the modulator electrode.

._ Electrode Impedance

The dimensioned coplanar electrode 8eometry is

shown in figure 28. No attempt was made to rederive the

theoretical analysis of this structure because programs

to compute the impedance of this structure had already

been developed at NASA by Dr. Rainee Simons [29],[30].

However, an understandins of the limitations of his

analysis is essential to ensure that it is correctly

applied to the modulator problem. The first assumption

is that the thickness of the electrodes is zero (t = 0).

Since the electrodes only need to be 2 or 3 skin depths

thick (2 - 3 um at 5 GHz), this should have little

effect on the impedance calculation. Second, the

substrate is treated as a dielectric. For

-6
semi-insulating GaAs, the intrinsic conductivity is iO

mho/m [15] and indicates the relative magnitude of the

conduction current. At 5 GHz, the relative magnitude o÷

the displacement current is 9iven by wE and is on

order of 1011 mho/m. These numbers indicate that

displacement current dominates and the intrinsic

can be treated as a dielectric (E r = 13. I).

the

the

GaAs

In
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addition, the analysis does not account for the GaAIAs

film layers 9rown on the substrate for optical

waveguidin 9. However', the film thicknesses (_5 um) are

much less than the substrate thickness (_250 um) and the

film layers with small aluminum mole fractions will have

nearly the dielectric constant of GaAs.

i m

The pro9ram used is a full wave calculation of the

coplanar waveguide impedance.

for hi9her freguencies (up

quasi-static approximation.

This technique is valid

to 26 GHz [29]) than a

The design is for a center

frequency of 5 GHz (highest reported GaAs modulator)

though the coplanar structure has a very large

bandwidth• If b, d, s, f, & E are specified, the
r

program can be used to find a slot width (w) which 9ives

a Z0 of 50 _ 0.5 ohms. Usin9 this method, the data

shown in table 2 was 9enerated. A plot

9ire Z0 = 50 ohms is shown in fi9ure 29.

beqins to break down for w > d and the

begins to level out in this re9ion. This means that

small fabrication error in s or w could result in

iarge variation of Z 0 from 50 ohm. This data will

used to design 50

modulator as well as

modulator dimensions to the iargeP dimensions

for microwave connections.

of s vs. w to

The analysis

S vs. w curve

a

a

be

ohm transmission lines for the

efficient taperin9 from the small

required
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Table 2

Er= 13

d = 250 um t ..L

t =Oum d I2b = 10 um

f = 5 OHz

Zo = 50 + 0.5 Ohms

L wSs j, wj
- P "1" "P 1

1 I----'--1 "- i

2b

s (urn) w (urn) K = ),_ / ,%, Zo(_q..)

10 8.75 0.3780

0.3784

49.862
I

#9.55725 21.25

50 43.75 0.3799 50.110

100 82.50 0.3848 50.062

200 137.5 0.3981 49.573

_n 0.41_._ 185. _ =_ _'°

400 210. 0.4258 49.644

500 237.5 0.43_2 #9.870

600 262.5 0.4499 50.226
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5.3 Electrode Design

In addition to the 50 ohm impedance constraint,

several factors from the modulator standpoint need to be

considered in the electrode design. First, the

branchin9 angle limits the amount of space available

between the optical wave_uide branches. With a

branching half-angle of 0.3 °, the distance alon 9 the

propagation direction will be very lon9 when compared to

the lateral spacin 9 between the wave guides. With this

constraint, the electrode dimensions were chosen as:

s = 22.4 um w = 20.0 um

To center the 10 um wide optical ridges in the slot saps

requires a length (alon9 the propa9ation direction) of

3.1 mm. For a more detailed dimensional description see

the full device design in figure 30. For this choice of

s and w, the calculated wavesuide parameters are:

Z_ = 50.099 ohm
L_

K = O. 37837

wher_ K is the ratio of the 9uide wavelength and the

free space wavelength of the 5 GHz signal.

From the required dimensions, it is apparent that

some form of taperin9 is necessary before external

connect ions can be made to feed and terminate the

transmission line. Since the desi9n is already a 50 ohm
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line, no matching network is reguired if the s and w can

be maintained for 50 ohms in the taper. A 6 point

linear interpolation usin9 the data in table 2 was used

to taper from s = 22.4 um to s = 600 um and from w =

20.0 um to w = 262.5 um over a distance of about 2 mm.

This taper is also shown in figure 30.

The final point to be resolved is how to connect to

the center electrode without interferin 9 with the

optical wave_uides. The only way to get this electrode

to an external connection is for" it to pass over one of

the optical waveguides.

waveguidin9 properties as

propagation loss (due to

Since the lioht connects to

This will affect the optical

well as increasing the

absorption in the metal).

the modulator at the ends,

it is most convenient to brin9 the microwave sisnal in

through the sides. This implies that one of the outer

electrodes must also pass over the optical wavesudes.

To minimize this interference, the outer electrode must

be narrowed. Calculations of Z 0 as a function of b

(table 3) show that b should be greater than 0_! mm to

maintain the 50 ohm impedance. Specification of the

electrodes also completes the optical wave_uide desisn.

The full modulator dimensions are shown in figures 30

and 31.
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Table 5

Er = 1.5

d = 250 um

t =Oum

s = 22.5 um

w = 20 um

f = 5 OHz

Zo = 50 + 0.5 Ohms

tl

k

I( w 1 s ,pL w J
1 r------I o i

2b

b Zo(._)

5 mm 50.1 O0

1 mm 50.095

500 um 50.676

250 um 49.96:3

100 um ¢9.228

50 um 46.924
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5.4 Bandt_idth

It has been mentioned on several occasions that a

modulator with travellin8 wave electrodes has the

potential to achieve hishe_ bandwidths. This is because

the travellin9 wave electrodes can overcome the transit

%
time limitation of bulk electrodes [13].

This can be seen by considerin 9 a modulator with

bulk electrodes. In the deprivation of the electro-optic

phase shift, it was assumed that an external field (E)
m

was applied to the crystal. When the applied field is

modulated at high freguencies, the applied field changes

durin8 the time it takes the lisht to propasate through

the mo0ulator. This reduces the electro-optic phase

shift. The bandwidth is limited by the transit time of

the light passin9 through the modulator. Yariv provides

a simple (though somewhat arbitrarily defined)

expression for the usable bandwidth of a transit time

limited modulator [13]

fmax = Z_ (5.1)

where f is the ma_imum usable freguency (bandwidth),
ma_

n is the index of refraction of the electro-optic

crystal, anO 1 is the interaction length. For a 1 cm

ion9 modulator using GaAIAs layers (n_'3.55), the maximum

usable bandwidth is f _ 2.1 GHz. It will be sho_n
max
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that this can be significantly improved by usin9

travellin 9 wave electrodes.

Another possible limitation for the bulk electrode

modulator is its loadin9 effect on the external drivin9

circuitry. That is, the RC time constant of the

electrode seometry may limit the modulation bandwidth to
e

a frequency even lower than the transit time limitation.

The GaAs modulators reported by Donelly et. al. [6] and

Buchmann et. al. [5] claimed RC time constants as the

bandwidth limitation.

Both transit-time and RC limitations can be

overcome if transmission line electrodes are used. With

a transmission line electrode, the microwave sisnal

propasates through the modulator alon 9 with the lisht.

An infinite bandwidth is theoretically possible if the

microwave field propagates along the electrodes at the

same speed as the light propagates. In reality, the

microwave field propagates slower than the light and the

bandwidth is limited by the "walkoff" as the fields

propa_dte throush the device. In the followin9

analysis, the subscript "o" refers to the optical field

(light) while the microwave field 9uantities are

indicated with an "m" subscript. Followin9 Yariv's

analysis [13], light enters the modulator arms at z = 0

and is at position z(t') = (t°-t)c/n 0 at some later time
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(t'). The optical phase velocity is determined by the

effective index (n ) of the wavesuide as:
O

C

VO _ n
0

At higher frequencies, the electro-optic phase

(5.2)

shift

must be considered time dependent as the fields

propagate. The rigorous expression for the phase

%

over a modulator arm of length 1 is:

shift

7(t) -
2_ _ 1

X nc)J r41 fO em(Z) dz
(5.3.a)

= a c___ f t+_d e f t' -(t') ) dt'
n 0 t m '

(5.3.b)

where the parameters a, and T d have been defined as

_ 2_ no3 (5.4. a)a
k r41

n o
_d = c = optical transit time (5.4.b)

Taking the modulation field to be single freguency, it

can be expressed as

J (Wmt '-k 7)
ft' z(t')_ = E m e m-m - ' - (5.5.a_

, c_(t,_t) _JJ _Wmt -kin n
= E m e (5.5.b)

where z has been replaced with its optical time

dependence. This expression can be inserted into

equation (5.3.b) to determine the phase shift.

Performin9 the integration yields:

= r g e Jwmt (5.6)F(t)
0
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where F =alE
O m

is the d.c. phase shift, eJWm t

is theft'eguency modulation signal, and r

factor caused by the "walkoff"

is the hish

reduction

eJWml I - v_l_d _ 1

r

Followin9 Yariv's analysis has 9iven an expression

the electro-opt ic phase shift at the end of

modulator arms for high frequencies.

For- the Mach-Zehnder modulator', the

modulation at the outputbandwidth of the intensity

desired. Fr-om Chapter" 3,

(5.7)

lou t = l in cos-

for

the

max imum

is

is the output

accounted for-.

(5.8.a)

intensity when the "walkoff" is not

With the "walkoff" accounted for-,

_ [_F(t)_]lou t = l in cos _
(5.8.b)

bandwidth, the Mach-Zehnder is

by applyin 9 a DC voltage across

intensity is _iven by (5.8.a). Now, the AC modulation is

really the chanoe in intensity from the bias point and

the reduction factor must be accounted for as shown in

figure 32. The fi9ure shows an analysis similar to

To evaluate the 3 dB

biased at I = 0.51
out in

the electrodes. Since this is a DC bias, the bias
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Iout/lin

I

cos2 [__- 1 (d.c.)

i;I'

-'_-5

_o_ _5_,-51 '_-c_

I ! '

.25

I

I

_=- r['-_I

Figure ..32. Mach-Zehnder Intensity Output

for Low and High Frequency ModulGtion
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methods used in larse signal power amplifier- design.

The DC plot is used to establish the bias point at I
ou t

= I /2 and the modulation is described by chanses alon B
In

the AC curve. For low freguencies, :r:_l and the AC

curve closely follows the bias curve. As the freguency

increases, :r:<1 and the AC curve is elonBated along the

F axis. To determine a 3 dB bandwidth, consider the
o

ratio EI°/_I indicated in the figure. This ratio is a

function both of the reduction factor and the phase

shift.

Consider the case of complete intensity modulation.

For low frequencies (where r_l) the intensity change is

£I = 0.5 gI for EF = x / 2. The 3 dB bandwidth is
in

determined by findin 9 the reduction factor for which

SI' = 0._5 _I when gF = _ / _
in

Mathematically, this

i_ the point at which <point A on the figure)

I°ut - 0.75 = cos _ I -
_in

(5.9.a)

=i I 1- E cos [70x_75 ) = 3 (5.9.b)

The modulation freguency at which th _-,= re _''_*_--.-._..i__

achieved can be determined from the definition of the

reduction factor. Phi can be defined as

¢=w m Td I -

to simplify the reduction factor to:

(5. I0)
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r

J_ (5.11)
e - I _ (cos _ - I) + j sin

J_

It is really the masnitude of the reduction factor which

effects the intensity modulation (5.8.b). Takin9 the

masnitude gives after some trisonometric substitutions:

sin [ _ _ (5.12)

Irl = _
2

Equatin9 (5.12) with (5.9.b) 9ives the angle as :

= 0.7254 n (5.13)

Before substitutin 9 into (5.10) to find the bandwidth,

the velocity of propagation can be converted to index of

refraction by,
v o c n m n m

v m n o c n o (5.14)

where n
m

field and

is the effective index seen by the microwave

is related to the 9uide wavelensth (lambda

prime) by,
1 _2_

n m : E : X" (5. 15)

Using (5.14), (5.15), (5.4.b), and (5.13) in (5.10)

sives the desired bandwidth limit:

wml Ino !I nmo
1

4 1 =
,TI m [%_,...,f- n.nh

l:"

Substituting the previous results

= _ (5. 16.a)

(5. 16.b)

n = _?.55367
o

n = 2. 6429
m

(5. 17. a)

(5. 17.b)
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yields

0.7254 n (3 × 108 m/s)
fm Im =

3. 55367 12n _1 _ _'__°JJ2"6429 .

= 11.95 GHz _ cm

(5.18.a)

(5.18.b)

as the bandwidth len9th product of

modulator'. It is

theoretical bandwidth

significantly 9reater

bandwidth.

Before leavin9

observed that the

of a 1 cm lon9

than the transit

the

the desi9ned

11.95 GHz

modulator is

time limited

bandwidth, there are two

discussion of

important points to

modulator

consider.

First, the bandwidth is intimately tied to the len9th of

the interaction re9ion. For increased bandwidth, the

device can be shortened. It will be seen in the next

section that this reguires additional drive power.

Second, the result (5. 18) is for full intensity

modulation over the nonlinear intensity function.

Therefore, it repr-esents a minimum theoretical bandwid _L6;;

of the modulator. If the drive si9nal is smaller,

requirin9 a smaller- phase shift, the modulation will be

more linear. It follows that the reduced distortion

will allow a hi9her bandwidth for small si9nals and the
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above analysis could be rederived usin9 a small

analysis.

si9nal

5.5 Modulator Pov_er Reguirements

To determine the drive power required by the

modulator, the field created by the coplanar electrodes

must be determined. The full wave analysis used

determine the impedance was also used by Simons

calculate the electric fields [31].

provided in Appendix D alon 9 with

program used to calculate the fields.

the results, there are several limitations of usin9 this

analysis. The electrodes are a9ain assumed to have zero

thickness. In reality, the electrodes must be several

skin depths thick to reduce thin film resistivity

losses. At 5 GHz, usin 9 9old electrodes ( _ = 4.1 7: 107

mhos/m), the skin depth is:

/ 2
= _ w_o = 1.1 _m

= /

2n(5x109} (4nxlO -7) (4. IxlO 7)

to

to

The eguations are

a listin9 of the

Before presentin9

(5.19)

So, the electrode thickness should be at least 3 um.

The optical 9uide region is the region from 0.5 um to

1.3 um below the surface. However, the 9uide re9ion is
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below the electrode

rigorously accounted

assumption) will have minimal effect

The other potential problem is that

are not accounted for in the analysis. While

dielectric constant of the films is nearly that of

GaAs substrate (as in impedance calculationS), the

saP where the frinses (not

for due to zero thickness

on the solution.

the GaAIAs layers

the

the

film

boundaries may be important is determinin 9 the

At the dielectric interfaces, some charse can

and shield the fields.

the guide layer will

calculated result.

Therefore, the actual field

be slightly smaller than

fields.

collect

in

the

edses of the optical 9uide

are found to be:

En (a) = 48314.4 V °

E_ <b) = 45610.95 V o

E (c) = 45859.3

E (d) = 46193.8

where V is the voltase
o

electrodes. The

suided light is:

resinn <fig. 33) the fields

V o

V o

(V/m)

(V/m)

(V/m)

(V/m)

applied across

average field

(5.20.a)

(5_20.b)

(5.20.c)

(5.20.d)

the coplanar

in the region of the

Usin 9 the field program, the field for z = 0 um to

z = 1.5 um (fig. 33) was calculated usin S a small srid

( z = 0.1 um , y = 0.5 um) and was found to be

approximately parallel to the film layers. At the four



-Bg-

metal

A

D (0_ C

B

metal

A

B

metal
z=O

z=O.5

Z=1.3

Z=4.8

(dimensions in microns)

Figure 33. Ivlodulator Cross Section
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En = 46500 Vo (V/m) (5.20. e)

Rememoerln 9 the phase shift equation of chapter 3,

F = 2_ no3 1 E m-_ r41 (5.21)

full intensity modulation reguires F = _ and a field of:

(F=_) k V
- _ = 831000 _ (5.22)

E_ 2_ r 4 I
no _ 1

Substitutin9 into equation (5.20. e) 9ives the required

voltage as V = 17.9 V for a I cm interaction re9ion.
pi

This is for full intensity modulation with no DC bias.

The modulator can be operated in the push-pull

configuration by applyin9

modulator at Iout = 0.5 Iin.

reduced by a factor of 2

a DC volta9e to bias the

The required AC volta9e is

and is: V = 8.9 V. An
pi

important point is that Epi is inversely proportional to

I. The required field intensity can be reduced with a

longer interaction re9ion. In designin 9 a modulator,

there is a tradeoff between bar,dwidth and drive power

through the device

higher bandwidth at

and vlce versa.

len9th. A short modulator 9ives a

the expense of hi9her drive power

The mimimum power required by the modulator can

estimated from the time avera9 e Power flow down

transmission line electrodes. This is 9iven by:

1

P = _ f (E _ e] ) dS (5.23. a)

be

the
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= 1 ? E_ 2

cross

sect ional (5.23. b)
area

The field alon9 the direction of propa9ation is purely

imaginary (Appendix D) and so does not carry any time

avera9e power flow. This summation was carried out by a

computer usin9 a ti9ht 9rid near the electrodes (where

the field intensity is not uniform) and a wider 9rid far

from the electrodes (where the field chan9es more

slowly). The summation was terminated when the

intensity had reached 10% of its

result is that

2 9
(E + E 2) = 2.92734 V

y z o

9ivin9 a total power of

?

P = .5 ( 2.92374) V - / Z
0 o

P = 2.335 Watts

maximum value.

field

The

This is a hi9h

concerns about the

power. But, this

drive power requirement and raises

substrate's ability to handle

power is not consumed by

modulator. Instead, the power just propa9ates down

transmission line and is dissipated in the 50

termination. There is 0nly a small amount of power

(_4uW) dissipated through resistivity of the GaAs.

Another concern is that the required field intensity not

exceed the dielectric breakdown point of the GaAs

this

the

the

ohm

an impedance of 50 ohms.

for a modulator operated in push-pull confi9uration with
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substrate. The highest field intensity _reated by the

coplanar electrodes is 4.96 _ 104 V/m (at the center- of

the electrode 9ap on the wafer surface) while dielectric

strength of GaAs is 4 x 107 V/m [15]. These two results

insure that no physical damage to the modulator will

result from the required field intensity and power.
a I



Chapter 6: Fabrication

6.1 The Fabrication Process

With the desisn of a GaAs modulator completed, the

next step is to begin characterizin9 a fabrication

process. The steps reguired to fabricate the modulator

are outlined in section 6.1.1. The procedure can be

broken down into 4 major steps. The first step, the

epita:_ial 9rowth process, was contracted outside NASA

and will be described below. The rest of the

fabrication process will be described in more detail in

the rest of this chapter. In addition, the drawings of

the specially designed test fixture are included in

Appendix E.

The modulator is fabricated on a (100) semi-

insulatinB GaAs substrate. The (i00) specification is

the orientation of the crystal lattice as was chosen in

chapter 3 to utilize the maximum electro-optic phase

shift in GaAs. The semi-insulatin9 substrate acts as a

dielectric for the coplanar transmission line

elects-odes. The GaAIAs film layers can be Brown by

molecular Beam Epitaxy (MBE) to produce low loss optical

waveguides [32]. The epitaxial 8rowth process means

that the lattice of the 8town layers copies the

-93-
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orientation of the substrate. Since the GaAIAs

spacln9 is closely matched to that of GaAs

crystal film which is almost identical to GaAs

lattice

[33], a

results.

The MBE process produces very high quality films with

layer defect densities on the order of 2000 defects/cm _.

Takin 9 the lattice spacin9 of 5.6533A [14] into account

i0109ires a volume defect density of 3.5 x defects/cm °.

Since the molecular density of the GaAs crystal is 2.21

_i _ i010:_ 10- molecules/cm _, only about 1 in 6 × molecules

is a defect.

The 9row_h of the films was contracted by NASA to

Perkin-Elmer's Physical Electronics Division in Eden

Prairie, Minnesota. The 9rowth process placed some

limitations on the desisn of the optical waveguides.

The MBE process can control the film thickness very

accurately (on the order of an atomic diameter).

However, the aluminum mole fraction of the film layers

has not been well characterized. The relative

difference of 0.1 to 0.13 (aluminum mole fraction) was

desisned based on the tolerances Perkin-Elmer determined

feasible. To prevent oxidation of the top GaAIAs layer,

a 100 A GaAs overlayer was specified in the 9rowth

process. This overlayer will protect the GaAIAs from

the time it is first exposed to air after 9rowth at

Perkin-Elmer, until stage II processin9 begins at NASA.
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6.1.1 Outline of Modulator Fabrication Process

I. Epitaxial 9rowth of GaAIAs films

A. Start with (100) semi-insulatin 9 GaAs wafer

B. Grow 3.5 um Ga.87Al.13As by MBE

C. Grow 0.8 um Ga.9c)Al.loAS by MBE

D. Grow 0.5 um Ga.87Al.13As by MBE

E. Grow 100 A GaAs by MBE

II. Etchin9 of Optical Waveguides

A. Clean wafer

B. Remove GaAs overlayer

C. Pattern waveguides usin 9 photoresist

1. Apply photoresist

2. Expose through wave9uide mask

3. Develop

4. Pattern leaves photoresist over areas

not to be etched

_As layerD. Etch 650 A of Ga 87A1 lo

E. Remove photoresist

Ill. Metallization of microwave electrodes

A. Clean wafer

B. Pattern wave9uides usin9 photoresist

i. Apply photoresist
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2. Expose throush wavesuide mask

3. Soak in chlorobenzene

4. Develop

5. Pattern leaves photoresist over areas

not to be metallized

C. Evaporate 2-3 um of 8old

D. Soak in acetone to liftoff metal deposited on

photoresist

IV. Packagin 9

A. Cut device to final size <2cm x 6mm)

B. Cleave ends of optical wavesuides

C. Insert into specially desioned fixture

D. Bond connectors

6.2 Lithoqraphy

Lithoqraphy is the process of transferrin9

8eometric shapes onto the semiconductor substrate [34].

The lithographic process to be used for the modulator

fabrication is shown in fisure 34. The 8eometric

pattern is transferred from the mask to the photoresist

by exposin 9 the photoresist to ultraviolet lisht throush

the mask. The mask is in contact with the photoresist

durln 9 exposure for exact I:I printin9 of the pattern
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,L UV Light

a. Exposure

b. After Developing

Figure 34. Pattern Transfer by Photolithography
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and to avoid diffraction of the li9ht around small

devlce features. Positive photoresists are normally

used because ne9ative resists can swell when developed.

This swellin9 is negligible until device features are

smaller than about 5 um [34]. After exposure, the

resist is developed and removed everywhere that it was

e:_posed to li9ht. The result is a mask on the device

surface which can be used in further processin 9.

The process of makin9 a mask for the Mach-Zehnder

optical waveguiOes presents some unigue problems.

Usually, a mask is made to scale many times the desired

size and photosraphically reduced to the desired size.

The ori9inal , lar9e scale mask is maOe by cuttin9 the

pattern out of a thin sheet of rubylith. The minimum

feature size which can be cut on the rublith is about 10

mil (250 um). The final device can be reduced until the

feature size reaches about 1 um and is limited by

diffraction through the optics of the photoreduction

.
system. In the case of the Mach-Zehnder, the feature

size is limited by the aspect ratio of the device. That

is, the ratio of the minimum feature size to the overall

device lensth. The largest ori9inal that can be

*For even smaller feature sizes,

lithography can be used•

electron beam
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photoreduced is 1 meter. To produce a modulator that is

2 cm lon9 requires a reduction of 50:1 from the 1 meter

oriBinal. This means that the minimum feature size is

d = 250um/50 = 5 um. In the Mach-Zehnder, the minimum

feature is at the point of the Y-Branch split (fi9

26. a). To achieve this limit, the minimum optical

waveguide ridge width is 2d = 10 um. This was the ridse

width chosen in chapter 4 "for fabrication reasons"

Unfortunately, the available photoreduction

facilities are not eguipped to handle the required 50:1

reduction. With some effort, the photoreduction was

manipulated to achieve the 50:1 reduction with limited

success• Figure 35 shows the two modulator arms after a

50:1 reduction. The lines are fuzzy because the final

reducin 9 lens is f#=9 and is nearin9 its resolvin9 power

for the 10 um line width. Also, the reduction camera is

not vibration isolated• Small vibrations can be

siBnificant when attemptin 9 to produce 10 um lines.

The sidewalls of the optical waveguide ridge must

be smooth to reduce scatterin 9 of light from the edBes.

Althoush the strip loaded ridse waveguide is less

susceptible to this scatterin_ than other structures, it

is still a significant

mask is presently bein 9

facilities available at

concern. Therefore, a better

contracted out by NASA. The

the mask contractor should be
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Figure 35. Parallel Modulator Arms

on Waveguide Mask

(line width = 10 urn)
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able to produce a straight waveguide edge to a tolerance

of about 0.1 um. This will be a great improvement over

the mask shown in figure 35.

6.3 Etchinq

The loading ridge of the optical waveguides is

formed by an etchin9 process. Once the photoresist has

been patterned, the surface of the wafer is etched

chemically or by a dry etchin S technique. The resist is

not effected by the etching process, and protects the

film layers below• After etchinq, the photoresist can

be removed by an acetone rinse and the mask geometry has

been transferred onto the device•

There are basically two methods of etching; wet

surface in

directions.

figure 36.

Etchln9 or

etchin_ and dry etching.

etchant (usually an acid

GaAs or GaAIAs layers.

the etched

This

Dry

Reactive

reactions between the

enerBy ion bombardment

Wet etching is a chemical

solution) which attacks the

Wet etching leaves a smooth

region but etches in all

leads to the undercutting shown in

etchln9 techniques such as Plasma

Ion Etching (RIE) use chemical

top film layer aided by high

to etch the surface [34]. The

result of RIE is a vertical sidewall (no lateral
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l\,\\} I\X'I

A. Before Etch

B. After Etch

.z---x,_

C. Photcresist Removed

Figure 36. The Etching Process

Damaged
C,,urfaces

\

PhotoResist I

_Verticat Sidewalls

Figure 37. Surface damage caused by

Reactive Ion Etching
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etchin 9) but, the etched surface is damaBed by the high

energy ion bombardment (fig 37).

For the 10 um wide waveguides, a 650 A etch is

required by the design of Chapter 4. For this small

etch depth, the lateral etch distance of a wet chemical

etch is also small. Therefore, it will not

significantly effect the 10 um ridge width. The smooth

surface remainin 9 after a wet chemical etch is desirable

to reduce scattering losses in the optical waveguides.

Therefore, a wet chemical etch was chosen for" the

modulator fabrication process. If a narrowar ridge is

fabricated in future designs, the etch depth will be

larger- (fig. 22). Reactive Ion Etching may be reguired

at that point if lateral etching becomes significant.

RIE is also the method used by Buchmann et. al. [5] in

fabricating the sharp tip of the Y-Branch to reduce

scattering and reflection losses at the junction.

A very slow wet chemical etch is required to form

the 650 A step. Inoue and Sakaki [35] reported thinning

of Ga.87A1. 13As film layers by 200A using weak- acid

solution of 3H3PO 4 :IH_O___ : 75H_0_ at 0°C. This etch was

characterized at NASA for GaAs and two mole fractions of

Gal-xAl As.,: The etch was found to be highly temperature

sensitive so temperature was carefully monitored and

maintained using an ice bath• Prior to etching, the
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solution was always at 3°C with a rise durin8 etchin 9 to

4-5°C. The results are tabulated in table 4 for the

available aluminum mole fractions. Since the top layer

of the modulator is Ga.87AI. 13As, it is important that

this etch be characterized accurately. Table ,5 shows

the results of this etch on 4 separate occasions. The

deviation between these trials is 15.9 A/min (9.3%).

For the 3 minutes 42 seconds reguired to etch the rids e,

a final result of 650 + 25 6 A is obtained• i a

m

6.4 Metallization

The microwave electrodes are added to the modulator

by the process of metallization. The metallization

process is shown in fisure 38. The process begins with

exposure of the photoresist through the mask to transfer

the electrode 8eometry

development, the wafer is

harden a thin layer near

to the resist. Before

soaked in chlorobenzene to

the top of the photoresist.

The resist is then developed for a period lon9er than

normal to proouce the undercuttin9 shown in the figure.

A thin layer of titanium (200A) followed by the gold

electrode layer is

process [35]. The

because it adheres

then deposited by an evaporation

thin layer of titanium is used

to the GaAs better than sold. The
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Table 4

Material

GaAs

¢',--/ 0"7"NAI/ _ -z,_^,.,,
uuk.u/1_, k. i ,._2_

Ga(.4)AI(.6)As

Etch Rate (A/min)

14-7.29

I I _W._.WI...;

184.51

Table 5

Trial

2

3

4

Etch Rate (A/rain)

167.9

170.33

179.5

165.6
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J, UV Light

r--i

Exposure

mask

Photo

Wafer

Resist

Chlorobenzene Soak

and Develop

! Evaporation I

Liftoff

Figure 38. The metallization process
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9old will then readily adhere to the titanium layer.

When the wafer is soaked in acetone, the remainin 9

photoresist is removed along with any metal deposited on

the resist layer. The undercut achieved usin 9 the

ch lorobenzene soak leaves 9aps in the metal layer

through which the acetone can .attack the photoresist.

The available processin8 facilities limit the metal

thic_ness to about 1 um. This is because as the metal

particles deposit on

transferred to the

collisions [36]. This

heatin8 of the substrate.

the substrate, their energy is

substrate through inelastic

energy transfer results in

Since the evaporation process

takes place in a vacuum, the substrate cannot radiate

this heat enersy to a surrounding atmosphere. For

thicknesses above I um, thermal expansion of the

substrate destroys the film adhesion. That is, the GaAs

substrate expands at a different rate than the

film layer-. The resulting shear stresses

metallic layer away from the substrate.

In order to achieve a metal thickness of 2 or 3

skin depths, this metallizatiun process will have to be

improved. One option is the addition of a water

substrate h_Ider. The cooling could be used to

the substrate temperature and reduce the

stresses for thicker films.

metallic

pull the

cooled

control

thermal

Another alternative is to
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evaporate only a thin (<500A) metal seed layer. Then

the electrodes can be built up to several microns by an

electroplatin9 process.

6.5 G_As Dry Run

To evaluate the processing, a dry run of the

process was performed on a semi-insulatin9 GaAs

substrate (without the MBE film layers). The developed

photoresist for the optical waveguides is shown in

figure 39a and figure 39b shows the etched rib after the

photoresist was removed. The poor quality of the mask

is manifested in the ra98ed edges of the waveguides.

The tip of the Y-Branch is shown in figure 40. This

structure is difficult to fabricate because the region

between the ridges is becoming infinitescimally narrow.

The diffraction limitations in the photoreduction

process used to make the mask are again the cause of the

ragged edges of the Y-Branch. These problems shouio all

be solved by the new mask.

The alignment of the electroOe layer photoresist is

shown in figure 41. The lines of resist used to protect

the optical waveguide ridges can be alisned well and

cover the edges completely. The picture shows the short



OF pOOR QU_,Lt_'Pi

-109-

Figure 39.

a. Photoresist pattern of optical waveguides

b. Etched ridges of optical waveguides
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Figure 40. 650_ Etched Y-Branch on GaAs

Figure 41. electrode photoresist over

optical waveguides on GaAs
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length of the optical waveBuide ridges which will be

covered by metal so that the electrodes can connect to

the outside world. Unfortunately, the liftoff procedure

was not successful on this dry run. This was most

likely due an error in the chlorobenzene soak. However,

this procedure has been successfully

NASA on numerous other devices.

The results of the dry run show

crude first modulator can

lithosraphy limits imposed by

process will result in a

propagation loss than desired.

of the MBE Brown films, an

fabricated for testing.

demonstrated at

be

the mask

modulator

that a somewhat

fabricated. The

photoreduction

with higher

However, upon delivery

initial modulator can be



Chapter-7: Conclusion and Paths for Future Work

A Mach-Zehnder modulator operatin 9 at 0.82 um

wavelength, usin9 the electro-optic effect of GaAs, and

utilizin 9 transmission line electrodes has been

investigated for the first time. A modulator fabricated

on GaAs and operatin 9 at this wavelength can potentially

be integrated with a GaAs laser or other microwave

components on an MMIC. The electro-optically induced

phase shift has been rigorously derived for the seometry

in which it is maximized. The electro-optically induced

phase shift is converted to intensity modulation of

light using the Mach-Zehnder interference scheme. The

optical waveguidin S properties of the strip-loaded ridse

waveguide have also been examined. GaAIAs film layers

were used to provide a transparent medium in which the

light can travel. The optical waveguide was analyzed

usin9 the effective index method to determine the field

intensity profiles and mode cutoff conditions in the

case where the lisht is polarized parallel to the film

layers. An optical waveguide analysis program was

written and use0 as a tool to design single mode optical

waveguides for the modulator.

To take advantage of the maximum electro-optic

phase shift in GaAs, a coplanar waveguide structure was

-112-
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used for the microwave electrodes. Electrodes with a 50

ohm impedance at the design freguency of 5 GHz were

desisned usin 9 available prosrams. The theoretical

bandwidth of the modulator was calculated at 11.95 GHz

and is limited by the walkoff between the

sisnal and the light propagating through the

This is higher than any GaAs modulator yet

The electric field was

required microwave power

=. _u W) .

Some preliminary experiments to characterize a

fabrication process for the modulator were carried out.

microwave

modulator.

reported.

calculated to determine the

for full intensity modulation

usin9 photoreduced

solution of (3H_P04:60

with an etch rate of

170._ A/min on the Ga.87Al 13As top layer of the

modulator. A dry run of the modulator fabrication

process was also demonstrated on semi-insulatinB GaAs.

Also, a modulator test fixture was designed, machined,

and is described in an appendix.

The immediate soal of future work on this

should be the fabrication and testing of the

modulator design. The purchasin9 process to acquire an

improved mask has been initiated to improve the

fabrication quality of this inltial design. Also, some

project

initial

An initial mask was made

photolithography. A weak acid

1H_O_: 75H.0) was characterized
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effort has been made to set up optics for modulator

testin S. The optics were set up with the help of a

summer intern a NASA. Coupling of 633 nm light into a

planar (Si-Nitride-Air) wavesuide was demonstrated.

Some experiments to characterize the propagation loss

and single mode guidance of the strip-loaded ridse

waveguides would also be useful.

Once the initial modulator is demonstrated, the

most urgent improvement required is to reduce the

microwave drive power. This could possibly be

accomplished by p-n dopin9 of the substrate in a way

whic_ will concentrate the microwave field in the region

of the optical waveguides. Optimizin9 the overlap of

the optical and microwave fields can dramatically

improve the modulator's efficiency. Finally, the Ion 9

range 9oal of the project could be to integrate the

laser with a GaAs/GaAIAs heterostructure laser or some

microwave circuitry in a GaAs MMIC.



Appendix A : Properties of GaAIAs

A.! Electro-optic Effect

In the design equations for the

electro-optic coefficient of GaAIAs

Unfortunately, no data

GaAIAs is available

electro-optic effect is

of the material lattice.

modulator, the

is required.

on the electro-optic effect in

in the literature. The

primarily a seometrical effect

A nice property of GaAIAs

(which makes GaAIAs epitaxial layers easy to 9row) is

that the AIAs lattice is closely matched to the GaAs

lattice [33]. Both are cubic lattices with a lattice

spacin 9 of about 5.65A. Therefore, the electro-optic

coefficient Tot GaAIAs can be approximated by the

electro-optic coefficient of GaAs.

GaAs has the zincblende structure. Its only nonzero

electro-optic coefficients are r41=r52=r63 . Table 6

summarizes data on the r41 electro-optic coeffient

available in the literature. No data is available for

wavelengths below the absoe-ptlon edge of GaAs. For a

"worst case" analysis, the coefficient can be taken as

its smallest value:

= I.I x 10 -12
r41 m/V
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Table 6

wavelength

(urn)

r41

(m/V)
source

0.88 - 1.5 x 10 -12 [1 6]
I

0.90 1.1 x 10 -12 [15]

1.06 1.5 x 10 -12 [57]

1.15 1.43 x 10 -12 [15]

3.59 1.24 x 10-12 [15]

-12
10.60 I _I ,_ LIjj.._, X I r_ r_-7_
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A _ Index of Refraction

In order to design the optical waveguide structures

required for the Mach-Zehnder modulator, it is necessary

to know the index of refraction of the film layers. The

index of refraction is a function both of wavelength and

aluminum concentration. The index of refraction is

given by an experimentally determined equation known as

the Sellmler Equation [27].

where,

o B 2
n-(w,::) = A + _ - D * w

w - C

A = I0.906 - 2.92x

B = 0.97501 o

C = (0. _'_°°_._w- 0.735;-')o

(0.30386 - O.105x) _

D = 0.002476(1.41x + i)

w = wavelength of light

x = aluminum mole fraction

if x < 0.3o

if x > 0.36

This eguation was programmed as a subroutine in

optical waveguide program listing

ALTON$ in Appendix C).

refraction as a function

shown in figure 42. Over the region of interest,

index of refraction is monotonically decreasing
i

increasing aluminum concentration.

(see

A graph of the index

of aluminum concentration

the

of SUBROUTINE

of

is

the

with
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l I I

3 6 9

Figure 42. Index of refrection of Co(1-x)Al(x)As



Appendix B: Derivation of Boundary Conditions

for Optical Waveguides

The standard boundary conditions are,

n • <H._-Hi) ---o

n × (E_ - E_ ) =0__ 1

n ° (D_2 - D I) = Ps

n × (H2 - H1) = J_.s

(B. 1.a)

(B. l.b)

(B. 1.c)

(B. 1.d)

B.I. a-Layer Planar Guide

TE mode: H , H , E (x)
z :, y

Maxweils E9uations for TE waves are [39],

_t x e t = - jwllh_, $_

13az x e t = w_h t

9t x h_t = 0

a z x 9thz + jpa z x h t = -jw_e t

9t ° h--t = j l3hz

r/t ° et = 0

I.) Boundary Condition #I:

l_a=. _ = w_H

- pEy = wi_H x

H - -_E--E
,.,' wu y

(B.2.a)

(B.2.b)

(B.2.c)

(B.2.d)

(B.2.e)

(B.2. f)

from (B. _.b)

(B.3 a)

(B.=.b)
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The first two standard boundary conditions are

conOitions on:
n ° H = ax " H = H,,

(B.4.a)

n x E_ = a x x E_ = EY az (B.4.b)

Since H and E are related by
x y

standard boundary conditions are

(B.o c),7. the first two

the same. (B.l.b) is

chosen as the boundary condition and requires that the

transverse component of E be continuous over the

interfaces.

That is: Ey 2 = Ey I (B.5)

_.) Boundary Condition #2:

The third stanOard bounnary condition (B.l.c) is

not useful because the normal component of E (E) is
N

zero everywhere. With no free surface current density

on the wave9uides, the fou,-_h standard boundary

condition degenerates to:

a x x (Ho- H I) = 0 (B.b.a)

H2z = HIz (B.6.b)

Equation (B.2.a) can be used to relate E
Y

.... _E
'I

- jwpH = r;t _':E = -a--_ --y y 0 ;"

and H .
a.

(B.7.a)

1
H = _ • ___z_
z jw_i Ox (B. 7.b)
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The second waveguide boundary condition can be expressed

a_ o_ (B. 8)
as: --a>_ = __vli

B.2. Transverse 3-Layer Planar- Guide

H , Ey (y)TM mode: E z, ::

Ma::wells Equations for TM waves are,
i".

_t x e_z - j_a_ x e_t = --jw_Lh_t

9t ° e--t = 0

_t x h_t = jwEe_z

- 3a. × h t = w_e t

_t ' ht = 0

= l?ez9t x e t -J

1.) Boundary Condition #1:

- 13az x H x = w_ y

^ -H = W_Eyayay l_ >:

_ we EyHx _

(B.9.a)

(B.9.b)

(B.9.c)

(B.9.d)

<B.9.e)

(B.9. f)

from (B.9.d)

(B. i0. a)

(B. 10.b)

The last two standard bounoarv conditions are conditions

on:

n ° E = a ° E = E (B.11.a)
- --y -- y

...... a (B. ll.b)
x H = H<n x H =ay_ _ Y
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Since H and E are related by (B. IO.c), the last twox' y

standard boundary conditions are the same. (B.l.c) is

chosen as the boundary condition. Continuity of D can

be approximated by continuity of E_ if the change in

index of refraction across the film boundaries is small.

With no free charge on the boundaries, this requires

that the normal component of E_ be continuous over the

interfaces.

That is: Ey 2 = Ey I (B.12)

..) Boundary Condition #2:

The first standard boundary condition (B.l.a) is

not useful because

zero everywhere.

the normal component of H (H) is
-- y

The second standard boundary condition (B.l.b) is

on E an0 can be related to E by:
z y

iw E_ = _t x H = _ = w__
dE v (B. 13.a)

-_ -y o y F' cly

1 dEv (B. 13.b)

The second waveguide boundary condition can be e:.'pressed

as: dEy 2 _ dEvl (B. 14)
o x _ ;.:



APPEtJDIX C: WAVEGUIDE ANALYSIS PROGRAM OF PO0 QuaLrr,t

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

WAVEGUIDE ANALYSIS PROGRAM

BY D. M. I_hTERNA 1986

THIS PROGRAM HAS CREATED ON THE IBII 370 TIME SHARING SYSTEM

TO /_NhLYZE A STRIP LOADED RIDGE HAVEGUIDE USING AN

EFFECTIVE INDEX METHOD.

RKFERE_ ICES: S. LIN, "OPTIMIZATION OF OPTIC_ CHARACTERISTI

TRAVELLING HAVE MODULATORS", MIT THESIS, M.S.

IN ELECTRICAL ENGINEERING, JAN. 1985.

M. J. ADAMS, "_/; INTRODUCTION TO OPTICP_

WAVEGUIDES", JOI_ HILEY _ SONS, 1981,

CHAPTERS 2 C 6.

SUBROUTIt]ES CALLED "

I. C}51NGE : GETS THE HAVEGUIDE DIMENSIONS

A. DRAHI" " DRA_S THE STRIP-LOADED RIDGE HAVEGUIDE

B. ALTON : CALCULATES REFRACTIVE INDEX OF GAALAS LAYERS

2. EIGZN4 : SOLVES 4-LAYER EIGENVALUE EQUATION FOR BETA

A. ERFLOT : PLOTS ERROR VS. BETA

B. ERRORq : CALCULATES ERROR FOR A SPECIFIC BETh

3. LFIELD : PLOTS LATERAL FIELD PROFILES

_. XYPLOT : VLOTTING ROUTINE • •

4. VFIELD : PLOTS THE VERTICAL FIELD PROFILES

A. XYPLOT : PLOTTING ROUTINE

5. CUTPLT : CALCULATES GUIDE uAYER CUTOFF THICY@_ESS

_. ALTON : CALCULATES REFRACTIVE INDEX OF GAALAS LAYERS

6. N_ODES : CALCULATES NUMBER OF MODES SUPPORTED

BY h GUIDE

C

C

C

C

C

C

C

V_RIEBLE LIST

P_AL BETAI,BETA2,NEFFI,NEFF2,QO,HI,Q2,Q3

REAL PHII,PHIZ,PSII,PSIZ,GI,G2,GLAT,BETAFF

RE/U. PI,NAIR,NFILM,NGUIDE,NSUB,HAVLEN

INTEGER MODE,MVTEI,_[VTEZ,KLTE,FLAG

INTEGER T_ODES,MVTMI,_fVT_2,_TM

DIMENSION TITLEI(3),TITLE2(3)
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DATA YENS/'Y '/

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C
C

LOAD T}_ QAVEGUIDE P/LRA]IETERS

FLAG: (i = NEH P/h_k_IETERS, 2 = CHANGE IN P/h_AIIETERS)

RH = RIDGE QIDTH

RH = RIDGE HEIGHT

FT = UPPER CLADDING THICKNESS BEFORE RIDGE IS ETCHED

GT = GUIDE LAYER THICKNESS

HAVLEN = HAUELENGTH OF LIGHT

NhIK = INDEX OF REFRACTION OF TOP LAYER (AIR)

NFIL_ = INDEX OF REFRACTION OF UFPER CLADDING

NGUIDE = INDEX OF REFRACTION OF GUIDE LAYE_

N$UB = INDEX OF REFRACTION OF LOHER CALDDING

FLAG : 1
10 CALL CHANGE(FLAG,_,RH,FT,GT,HAVLEN,NAIR,NFILM,NGUIDE,NSUB)

C

C
MODE = 0

PI : 2 * D_R_III(1.O)

C

500

HRITE(q3,500) MODE

FOPd%hT(IX,'FOR VERTICAL MODE NUMBER ',I2)

HRITE(q3,510)

510 FOPdIAT(IX,'--" ....... )

C

C

C

C

C

C

C

5O5

507

BEGIN BY SOLVING THE EIGENUALUE EQUATION TO

TO DETEFH_INE THE PROPAGATION CONSTANT

SOLVE IN THE VERTICAL DIRECTION - FOR BOTH REGIONS

HRITE (q3,505)

FORnAT(IX)

HRITE (43,507)

FORMAT(IX,' ..... RIDGE REGION ..... ')

_RITE (q3,505)

CALL EIGENq(FT,GT,NAIR,NFILM,NGUIDE,NSUB,MODE,HhVLEN,BETA2)

IF(EODE.EO.-I) GOTO i0

NEFF2 = BETAZ * QAVLEN / (2*FI)

HRITE(q3,505)

FORMAT(IX,' ..... OUTER REGION ..... ')

_ITE (_3,515)

HRITE (q3,505)

IF(FT.GT.RH) CALL EIGEN_(FT-RH,GT.NAIR,NFILM,NGUIDE,NSUB,MODE, -

1 Q_VLEN,BETAI)

IF (FT.LE._{) CALL EIGENq(O.,GT+FT-_I,NhIR,NAfR,NGUIDE,NSUB,HODE,-
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\,

C

1 WAVLEN,EEThl)

IF(MODES.EQ.-I) GOTO 10

HRITE (43,505)

NEFF1 = BFTA1 * H_VLEN / (2*PI)

QRITE(q3,S20) NEFFI,NEFF2

520 FOFJiKT(IX,'NEFFI = ',FIO.5,1OX,'NEFF2 = ',FIO.5)

C

Ceo_ooooeo.oooeooo,e_**oo_oo_ooo_oooo_o_oo_oooi_omooooooomoo

C

C

C

SOLVE IN THE LATERAL DIRECTION

IF (NEFF1 .NE. NEFF2) GOTO 15

QRITE (43,505)

12 FORMAT(IX,'EFF INDEX 1 = EFF INDEX 2 -->NO LATERAL GUIDING!!')

QRITE (43,12)

GOTO I0

15 QRITE (43,505)

210 FOPdIAT (IX,' ..... LhTEFJAL SOLUTION ..... ')

QRITE (43,210)

HRITE (43,505)

CALL EIGENq(O.,RH,NEFFI,NEFFI,NEFF2,NEFFI,MODE,HAVLEN,BETAFF)

IF(RODE.EQ.-I) GOTO i0

C

C

C

C

FLC- THE VERTICAL FIELD INTENITY PROFILES IF DESIRED

HKITE (43,505)

215 FOKfh%T (1X,'SEE THE VERTICAL FIELD PROFILE (Y/N) ? ')

_ITE (43,21_)

REED (42,220)CHOICE

220 FOFdIAT(AI)

QRITE (43,505)

IF (CHOICE .NE. YANS) GOTO 20

WRITE (43,505)

225 FOF_d'_T (IX,' .... VERTICAL FIELD (OUTER REGION) ..... ')

MRITE (43,225)

QRITE (43,505)

CALL VFIELD(BETAI,PI,NSUB,NGUIDE,NFIL_,NAIR,HAVLEN,PHII,FSII,

1 GI,GT,FT-RH,I)

WRITE (43,505)

230 FORMAT(IX,' .... VERTICAL FIELD (RIDGE REGION) ..... ')

WRITE (43,230)

WRITE (43,505)

CALL VFIELD(BETA2,PI,NSUB,NGUIDE,NFILM,NhIR,HAVLEN,PHI2,PSI2,

1 G2,GT,FTo2)

C

C

C PLOT TF_ LATERAL FIELD I_|TENSITY PROFILE IF DESIREn

C

20 WRITE (43,505)

235 FORfL_T(IX,'SEE TI_ LhTERAL FIELD PROFILE (Y/N) ? ')
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MI_ITE(q3,235)
READ442,220) CHOICE
hTEITE(43,505)
IF (CIDICE.NE. YANS) GOTO 2S

WRITE 443,505)

240 FOFJIAT(IX,'==== LATERAL FIELD ..... ')

MEITE (43,240)

MRITE (43,505)

CALL LFIELD(BETAFF,PI,NEFFI,NEFF2,HAVLEN,GLAT,_)

C

Ceemoeeomoo,omoooooooo@e_e.oo_Qoo._ommoooo_o_oo_o*mo_m*ooomoooooo*e_.eo_

C

C

C

25

242

C

C

PLOT CUTOFF TIIICKNESS VS. Z_L IF DESIRED

h'RITE (43,SOB)

;4RITE (43,242)

FOFJI_T(IX,'C_Z.CULhTE VERTICAL 3-LAYER CUTOFFS (Y/N) ? ')

RE_J3(42,220) CHOICE

IF (CHOICE .NE. Y_;S) GOTO 30

IF (E.H .LT. FT) GOTO 28

DATA TITLEI/'OUTE','R RE','GION'/

DATA TITLE2/'INNE','R RE' 'GION'/

C_LL TITLE342,12,22,TITLEI,O.,I.,O.)

CP_L CUTPLT(NAIR,NGUIDE,NSUB,WAVLEN)

CALL TITLE342,12,Z2,TITLEZ,O.,I.,O.)

28 CALL CUTPLT (NFILM,NGUIDE,NSUB,_AVLEN)

C

C

C

C

C

30

CALCULATE THE NUMBER OF PROPAGATING _ODES

USING 3-LAYER APPROXIIIATION

ITJTEI = NMODES(NFILM,NGUIDE,NSUB,rT-RH,MAVLEN,FI,O)

I_VT_I = N_ODES(NFILM,NGUIDE,NSUB,FT-RH,QAVLEN,PI,I)

MVTE2 = N_ODES(NFIL_,NGUIDE,NSUB,FT,_AVLEN,PI,O)

IT4TF2 = NMODES(NFIL_,NGUIDE,NSUB,FT,QAVLEN,PI,I)

I_LTE = N_ODES(NEFFI,NEFF2,NEFFI,RH,MAVLEN,FI,O)

I_LT_ = NMODES(NEFFI,NEFF2,NEFFI,RH,HAVLEN,PI,I)

RI_TI_ = N_ODES(NEFFI,NEFFZ,NEFFI,O.,HAVLEN,PI,2) / 10000.

C

C

C

C

2q5

2q6

100

102

SUtIAPJIIZE THE RESULTS OF TIE PRESE_._T CONFIGURATION

K[RITE (43,505)

FOE/IAT (IX,'SU_IIP_RY OF RESULTS:')

h_ITE(43,245)

FOE/I_T41X,' ')

_[EITE (43,246)

;_RITE (_3,505)

FO_IAT (IX,'TE NUMBER OF NODES = ',I2)

FOPJIAT (IX,'TM NUt_SER OF _ODES = ',12)
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\

lOq FOR/SAT (IXo'TOTAL NUMBER OF MODES = ',I2)

105 FOPdIAT (IX,'PKOPAGATION CONST = ',F20.I0)

106 FO_T (IX,'ZND _ODE @ R_ = ',FIO.S,' MICRONS')

II0 FOFdIAT (IX,'EFFECTIVE INDEX = ',FIO.5)

250 FOR/_T (IX,'OUTER REGION (VERTICAL MODE) :')

QRITE (43,250)

_q_ITE (43,505)

KITE (43,100) MVTEI

QRITE (43,102) _T4TMI

QKITE (43,105) HETAI

WRITE (43,110) NEFF1

WF_ITE (43,505)

255 FOP21_T (IX,'RIDGE REGION (VERTICAL MODE) :')

QKITE (43,255) -.

QRITE (43,505)

MITE (43,100) _TE2

WRITE (43,102) MVT112

_'RITE (43,105) BETA2

_q_ITE (43,110) NEFFZ

_ITE (43,505)

260 FOFdh_T (IX,'LATEEAL GUIDING : ')

WRITE (43,260)

QRITE(43,505)

QRITE (43,100) MLTF

QRITE (43,102) MLTM

MITE (43,105) BEF_=F

TMODES = (MLTE • MI:_v(IT_TEI,MVTE2)) + (_TM * MINO(MVTMI,_VTM2))

HRITE (43,505)

265 FORrS_T (IX,'FOR THE TOTP_ GUIDE : ')

WRITE (43,265)

KrRITE(q3,S05)

MITE (43,104) TMODEZ

MITE (43,105) BETAFF

J_IRITE (43,106)

C

C

WRITE (43,505)

270 FORMAT (IX,'CHANGE PARAMETERS (Y) OR QUIT (N) 7 ')

QRITE (43,270)

READ (42,220) CHOICE

IF (CHOICE .EQ. Y_NS) GOTO I0

C

C

C

C

PRESENTLY I_IALYZES ONLY 1 MODE

TEFJII_ATE GRAFHIC$ TASK (CLEAN UP)

CALL TE_

STOP

E_|D

C
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Xx.

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

THIS SUBROI'TINE IS USED TO INPUT TI_E QAVEGUIDE

P_.TERS AT THE START OF THE PROGRAM

CHANGE THEM FOR OTHER SOLUTIONS

SUBROUTINES C_LLED :

DRA_IT:

ALTON:

DKAHS THE OPTICAL HAVEGUIDE

WITH FARAICETERS LABELLED

CALCULATES INDEX OF REFRACTION FOR

7_J.. IN GAALAS LAYERS ,

P/'_FJ_ETERS :

V(1) = A1 = RIDGE HIDTII

V(2) = A2 = RIDGE HEIGI_

V(3) = A3 = UPPER CLADDING LAYER THICI34ESS

V(4) = Aq = GUIDE LAYER THICI24ESS

V(5) = A5 = HAVELENGTH

V(6) = A6 = 1 = INDEX OF REFRACTION OF AIR

V(7) = 7J_L IN UPPER CLADDING LAYER

V(8) = Y_kL IN GUIDE L_YER

V(9) = 7akL IN LOQER CLADDING LAYER

V(12) = A7 = INDEX OF'REFRAC IN LOLIER CLADDI_CG LAYER

V(13) = A8 = INDEX OF REFRAC IN GUIDE LAYER

V(14) = A9 = INDEX OF F_FRAC IN LO_R CLADDING LAYER

C

SUBROUTINE CHANGE(FLAG,AI,A2.,A3,Aq,AS,A6,A7,AS,A9)

C

C

C

C

C

LOAD VALUES INTO AN ARRAY FOR EASY MANIPULATION

THE ARRAY SUBSCRIPTS COP_SPOND TO IIENU NUFIBERS

V(1) = hl

V(2) = A2.

V(3) = A3

V(q) = A_

V(5) = A5

V(6) = A6

V(1Z) = A7

V(13) = A8

V(14) = A9
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C

C

C _

5
C

DPulH THE _hVEGUIDE CONFIGURATION ON THE SCREEN

CM.L DK;_IT

HRITE (43,75)

REHIND 98
10 FORnAT (9h4)

DO 30 I = 1,14

REI%D (98,10) (M(I,J) ,J=l,9)

30 CO_TINUE

C

Coo_o_o_o_oaoooo_o_6oooo_oo0_o_oo_o_o_o_ _m_OOe_OO_QOO0*

READ SCREEN _ESSAGES FROM A FILE

DEVICE 98 = DATA.MENU

C

C

C

C

50

C

75

C

RESCALE FROM METERS TO MICRONS

SCALE = I000000

DO 50 I = 1,5

V(I) = V(I) " SCALE

CO_:TIt_UE

FOPJ'IAT (iX)

C

C

C

C

C

GOTO (i00,200), FLAG

FLAG = I INDICATES INITIAL READING OF VALUES

FLAG = 2 INDICATES CHANGING A VALUE

C

C

C

I00

105

110

C

C

C

iSO

READ IN ALL VALUES FOR STARTING CONFIGURATION

FLAG = 2

DO Ii0 I = 1,9

HRITE (43,10) (_(I,J) , J=1,9)

p_ (97,105)V(I)

FORnAT (GII.5)

CONTINUE

CONVERT FRO_ 7oAL TO REFRACTIVE I_IDEX

DO 150 I = 7,9

V(I+5) = ALTON (V(I),V(5))

CONTItIUE

C

C

C

C

C
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C

C

C

C

200

205

210

C

225

220

C

GIVE OPTION TO CHANGE SINGLE VALUES --

DO 210 1 : 1,6

h'RITE (43,205) I,(_(I,J),J=l,8), V(I)

FOPd'SIT (1X,I2,'. ',8A4,G11.5)

CONTINUE

DO 220 I = 7,9

k_ITE (43,225) I,(M(I,J),J=I,8),V(I),(M(I+5,J),J=I,3),V(I+5)

FOPdIAT (IX,I2,'. ',8A_,GII.S,3A4,GII.5)

CONTINUE

I = I0

_RITE (q3,205) I,(M(IO,J),J=I,8),V(IO)

SELECT OPTION BY ENTERIHG Ol TO i0

HRITE(q3,75)

HRITE (q3,250)

250 FOPJ_T(IX,'P_/IAI_TER TO CHANGE (01-i0) ? ')

REId) (q2,255)CH

255 FOR/b_T (12)

IF (ClI.EQ.IO) G9_ o SO0

HRITE (_3,75)

_ITE (q3,10) (M(CH,J), J=l,9)

REt_ (43,105) V(CH)

I/RITE (43,75)

IF ((CH.LT.IO).AND.(CH.GT.6)) V(CH+5) = ALTON(V(CII),V(5))

GOTO 200

C

C

C

C

C

500

CHECK T}_T NI>NZ>=NO>N3

FOR VALID OPTICAL _AVEGUIDING

IF ( V(6) .GT. V(13) ) GOTO 5S0

IF ( V(IZ).GT. V(13) ) GOTO 5S0

IF ( V(iq).GT. V(13) ) GOTO 550

GOT0 600

550 h'RITE (_3,75)

I,IRlTE (_3,560)

I/RITE (_3,75)
GOTO 200

560 FOR/IAT (IX,'*'* NI _IUST BE HIGI_ST INDEX!!! $*'')
C , .

C

C RESCALE FROH HICRONS TO IJETERS

C

600 DO 610 I : 1,5

V(1) = V(I) / SCALE
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C
C
C

C

RELOADVALUESINTOFERA/IETERSFORF_SSINGTO_IN PROGRAM

A1 = V(1)
_2 = V(Z)

_3 = V(3)

Aq = V(_)

AS = %;(5)

A6 = V(6)

_7 = V(1Z)

1_8 = 9(13)

A9 = V(I_)
QQ

RETURN

END

C

C
C THIS SUBROUTINE DRA_S THE HAVEGUIDE PICTURE
C FOR THE USER TO REFERE;{CE ON VARIABLE El(TRY
C
C

C
SUBROUTINE DRAWIT

C
C
lO
Z5
C

IHTEGER I,J

FORMAT (12A_)
FORMAT (IX,IZA_)

REWIND 99
C

DO 10O I = 1,1%
READ (gq,10) (_(I,J),J=l,12)
_RITE (_3,25) (A(I.J),J=I,12)

I_0 CO_{TI;(UE
C

RETURN
E_{D

C
C_MM_MMMWWMWMWMMM_M_W_W_WW_WWWWM_WWWW_MW_WMWWWWM)'_WW_MMWM
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"x.

C

C COW,VERSION FROM 7JH. TO REFRACTIVE INDEX

C

C

FUNCTION ALTON (XAL,HAVLEN)

C

C

C

XAL = XEL / I00.

= 10.906 - (2.92 • XAL )

B = 0.97501

IF (XAL.GE.(0.36)) C = (0.30386 - 0.10S_XAL)o_2

IF (X_L.LT.(O.36)) C = (0.5Z886 - O.735*XAL)*_2

D = 0.002q67 • (I._I_XAL + 1)

TEIC_ = B / (HAVLEN_o2 - C)

ALTON = SQRT( A + TEMP - (D * HAVLEN*_2) )

XAL = XAL " 100.

RETURN

END

C
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C
C THIS SUBROUTINESOLVESTHEEIGENVALUEEQUATIONFOR
C A q-LAYER PLDC;AR WAVEGUIDE ".

C

C

C SUBROUTINES CI_I.LED :

C i. ERFLOT : PLOTS THE ERROR IN THE EIGEN VALUE EQUATION

C VS. BETA TO FOR USER TO INSURE ONE ZERO

C 2. ERRORq : RETURNS ERROR FOR A GIVEN BETA

C

C

SUBROUT I_;E EI GENq (FT, GT, N3, N2, N 1 ,N 0 ,MODE, HAVLE_, BETAT )
C

C

C

C

C

V_BI EBLE LIST

REAL FT, GT, NO, N1, N2, N3, PI,BET_T

REAL "8 ERRLO,ERRHI,ERR,OLDZRR,FINERR

REI'J."8 BETel, BETA, BETAHI, BVTALO

INTEGE_ MODE

PI = q-ATAN(I.O)

BETA = BETAT

WRITE (q3,1111) PI

Iiii FOR/IAT (IX,'FI =',GZO.16)

USE BISECTION TECI%NIQUE TO SOLVE FOR PROPAGATION CONST

BET_II= 2*PI* NI/HhVLEN - I.

IF (N2 .GT. NO) BETALO = 2"FI*N2/HAVLEN + 2.

IF (H2 .LE. NO) BETALO = 2*PI*NO/HAVLEN + 2.

HRITE(q3,5) BETAHI,EETALO

FORfIAT(IX,'HIGH BETA = ',F25.15,SX,'LOH BETA = ',F25.15)

_RITE(q3,505)

hIRITE(q3,503)

503 FOR/IAT (IX,'SEE ERROR FUNCTION (Y/N) ? ')

RE_ (q2,50q) QUES

50_I FOR/SZT (hl)

DATA Y/'Y '/

IF(QUES .EQ. Y) CALL ERFLOT(BETALO,BET_{I,FT,GT,NO,NI,N2,N3,_ODE,-

I FI, WAVLEN)

C

C

C

C CALCULATE ERRORS DUE TO HIGII _;D LOH LIHITING VALUES



C
C

10

505
510

C

OFTHEPROPhGATIONCO_,'ST_T

ERRHI: EFJ_ORq(BET_II,FT,GT,NO,NI,NZ,N3,MODE,PI,H_VLEN)
ERY_LO= ERRORq(BETALO,FT,GT,NO,NI,NZ,N3,MODEoPI,HAVLEN)
_7_ITE(_3,10)E_RHIoERRLO
FOFUi_,T(IX,'LOHERROR= ',F2S.IS,5X,'lilGH ERROR= ',F25.15)
IF(EKRHI.LT.ERKLO)GOTO100
_ITE (43,505)
FORIIAT(1X)
FOPdlAT('_*oooNOVALIDSOLUTIONIN THIS DIRECTIONoQ-o'')
HRITE(43,510)
_RITE (43,505)
MODE= -1
GOTO200

C
C

C

C

100

C

C

241

240

245

250

C

SOLVE FOR BETA BY BISECTION OF THE ERROR IN T}_ TRA_'CENDENTAL

EIGENVALUE EQN. STOP h'HEN EERORq < 0.000001

BETA = (EETAHI+BETALO)/2

OLDERR = ERR

ERR = ERRORq(BETA,FT.GT,NO,NI,N2,N3,MODE,PI,HhVLEN)

IF (.00000000001 .LT. D_BS(OLDERR-ERR)) GOTO 110

IHI = IDINT(BETAI*I - BETIILO) + 1

FINERR = 1.0

DO 250 J = I,IHI

l=d- 1

HRITE (43,241) I

FORNAT (IX, I3)

BETA = BETALO + I

ERR = ERRORq(BETA,FT,GT,NO,NI,N#,N3,MODE,PI,HAVLEN)

IF (FINERR .LT. DABS(ERR) ) GOTO 240

FINERR = DABS(ERR)

BET_F = BETh

WRITE (43,245,, BETh, ERR

FORNAT (1X,'BET_ = ',G25.IS,'ERR = ',G25.IS)

CONTINUE

ERR = FINERR

BETA = BETAF

IF (.000001 .GT. ERR) GOTO 150

C

Ceoeeeooeoe_ooeoooee_oeoo_o._._,o_oooooeoooeoQoooo_oeo_e__

C

SO0

5ZO

20

ERR = DABS( DIIINI(DABS(ERRHI),D_BS(ERRLO) ))

WRITE (43,505)

&4RITE (43,520)

FOFJIAT(IX, '_*''* _AFd_ING **_')

_[RITE (_13,S05)

_RITE (43,20) ERR

FOF_IAT(IY, 'EIGENVhLUE ERROR IN SOLUTION = ',F25.15)
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\

C

110

_/V_ITE (q3,SOB)

GOTO iSO

IF ( ERR .LT. 0.0) GOTO 11S --

P_ThLO = BETA

I_RP._O = ERR

GOTO 120

115 BETAHI = BETA

ERRHI = ERR

120 CONTINUE

C

Ceoeo_oo_oeoo ooo. oo_e_o._ooo_e_eoooo_.oo_oo_om_eo_*_oe_ooe _0_:

C

C

C

25

C

150

30

C

C

200

PRINT RESULTS ON SCREEN

_RITE(q3,2S) ERR_II, ERRLO

FO_'_T(IX,'LOH ERROR = ',F25.IS,SX,'HIGH EPgROR = ',F25.15)

IF (0.000001 .LE. DABg(EP_R)) GOTO i00

,_L,J._ _'_.>,.>uJ ERR,BETA

FOF21AT(IX,'FINEL ERR = ',F2S.1S,S>','FIN/kL BETA = ',F2S.15)

EET_T = BETA

P_TU_;

E_D
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C
C TI{IS SUBROUTINE I_ILL GIVE _ QUICK PLOT OF BETh VS. ERROR

C _D _CEPT NEW END POI_JTS FOR BISECTION ',

C

CQoooooo_.oao.o_._ooo_o_em_o.oooo_o_iooe_o_oQe_oeo_o*e_oo_oo*o

C
5UBKOUTINE EEPLOT(BET_J..O,EET_I,FT,GT,NO,N1,N2,N3,MODE,PI,W_VLE_;)

C

C

C

S

10

C

C

100

105

110

I15

C

200

C

C

C

300

310

REAL EKROR(101),X(101),BETA(101)

INTEGER PLEFT,PRIGHT

DATA Y/'Y '/

II

SCALE = (BET/_II - BETALO) / 100

BETA(1) = BETALO

ERROR (1) = ERRORq (BETALO, FT, GT, _0, N1, N2, N3, IIODE,FI, HAVLEN)

DO i0 I = 2 , i01

BETA(I) = BETA(I-I) + SCALE

ERROR(I) = ERROR4(BETA(I),FT,GT,NO,NI,NZ,N3,11ODE,FI,WAVLEN)

CO,_TI_UE

CALL XYPLOT(BETALO,DETALO,BETALO,I,I.,IOI,X,ERROR)

CALL XI_IRS(1)

C;U.L GRCFF(O.,O.,O.,'U',O,XC,YC,ZC)

CALL UPLOT(IOO.,O.,O.,'U','_',O,'Y',IS)

CALL DISPLA(1)

FOR/_T(IX,'LEFT X-POINT (000-i00) : ')

FOPJ_T(IX,'RIGI_ X-POINT (000-i00): ')

FOFJ_T(IX)

FORMAT(I3)

WRITE (43,110)

K_RITE (43,100)

READ (42,115) PLEFT

WRITE (43,105)

RE_ (42,115) PRIGI_

BETALO = BET_(PLEFT+I)

BET_[I = BETh(PKIG}_+I)

IF ( (BET_II - BETALO) .LT. i00) GOTO I000

C

I000

WRITE (43,300)

FOPJLhT (IX,'EXP_4D SCALE (Y/N) ? ')

READ (42,310) QUES

FORnAT (_I)

IF (QUES .EQ. Y) GOTO S

RETU_]

END

C
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\

C

RE_L FUNCTION ERRORq o8(BETA,FT,GT,NO,NI,NZ,N3,M,PI,QhVLEN)

C

C FUNCTION h'HICII RETUF4qS THE SIC4_ED ERROR IN THE EIGENVALUE

C EQUATION DUE TO THE GIVEN BETI%

C

C**eQ o_.ooeoeoomo*e_om_.o._o._o,oo.._m_oo.oo_.oe***e.o._oe.o.oo**e.o.m

C

RE_J. NO,I:I,N2,N3,PI

REAL *8 QO,HloQ2,Q3,X,BETA,_d_TAN

C

C

C

C

C

20

i0

C

C

C

SO

C

100

C

HI=( (2"PI*NI/QAVLEN)**Z -BETA**2 )**0.5

03=( BETA**2 - (2*PI*N3/_AVLEN)**2)**0.5

QO=( BETA**Z - (2*PI*NO/HAVLEN)**2)**0.5

OZ=( BET_*'2 -(2*PI*NZ/HAVLEN)-*2 )**0.5

IF (FT .LE. 0.0) GOTO 50

4 LAYER SOLUTIOt!

X=O2/O3

IF (DEBS(X) .TT. 1.0 ) GOTO i0

YOPd_AT (1X, '*-*-- INVALID ARCTANH !!!! ***--')

WRITE (43,Z0)

EHT_=O._'"LOG((I+X)/(I-X))

X=DAT_q(QL,(HI,DTANH(Q2*FT+_/_'fAN)) )

GOTO i00

3 LAYER SOLUTION

X = DKTAN (O3,'HI)

ERRORq=HI'GT - M*PI - D_TAN(OO/HI) - X
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C

SUBKOUTINE LFIELD(BETA,PI,NEFFIpNEFF2,QAVLEN,Gp_)
C

C THIS SUBROUTINE CALCULATES THE LATERAL FIELD OU_uNTITIES

C

Coo_oeeoeooe_ooQoooooo_oe_oolo.oo_o_eooo_ooo_ooo.oo._oooooo_oooo_o,

C

REAL X(15OI),Y(15OI),EFIELD(TSO),NEFFI,NEFF2

INTEGER IV;_RS (9)

DIHENSION YTITLE(3),XTITLE(T),PTITLE(6)

C

C

C

100

C

160

C

C

170

C

SCALE = 50000000

V = PI*KH* SQKT( NEFF2*o2 - NEFF1**2 ) /QAVLE_
HI=SORT( (2*PI*NEFF2/H_VLEN)o_2 - BETAs*Z)

QO=SQRT( BET_**2 - (2*FI*NEFFI/QAVLEN)_2)

G = COS(HI_RQ/2)/EXF(-QO_RQ/2)

Ii = INT((PJJ*SCALE/2) +.5)

I2 = INT( (RQ'o'SCALEw'2) + .5)

IF (12 .GT. 750) I2 = 750

I3 = I2 + 1

DO 100 I = 1 , I2

IF (I .LE. Ii) EFIELD(1) = COS(HI'I/SCALE)

IF (I .GT. II) EFIELD(I) = G _ EXF(-QO_I/SCt_E)

EFIELD(I) = EFIELD(I)'_2

X(1) : I • .02

CONTINUE

DO 160 I = I,I2

Y(I) = EFIELD ( 13 - I )

CONTINUE

Y(I3) = i.

DO 170 I = i,I2

Y(I+I3) = EFIELD(I)

CONTINUE

X1 = I1 m .02

CIU.L GVIEQ(1)

CALL XYFLOT (XI,-XI,XI,I3,0.O2,I2+I3,X,Y)

C

DhTK YTITLE /'INTE','NSIT','Y '/

DhTA XTITLE /'LATE','RAL',' DI_','ENSI','ON (','MICR','ONS)'/

DATA FTITLE /'LATE','RAL ',' FIE','LD P','ROFI','LE '/

C

CPLL TITLE3 (_,28,1_,XTITLE,O.,I.,O.)

CALL TITLE3 (3,9,1_,YTITLE,-1.,O,,O.)

C_L TITLE3 (2,2Z,22,PTITLE,O.,1.,O.)

C

C

CALL DISPLA(1)
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C

C Tills SUBROUTIllE 141LL DO X-Y PLOTS FOR THE _ODIU_ FIELD DISTRIBUTIONS

C "

SUBROUTINE XYPLOT (XPI,XPZ,XP3,M,S,N,X,Y)

C

Coooeoeoooeoooeoo.o_eoooooo._oo_m_ooooe_oQ_e_.O_oo_ooo_oo_Q_o_

C

REAL X(N),Y(N),Z(1510)

INTEGER IVERS (9)

C

C

C

150

C

C

C

C

C

C

IVAES (1) = 9

IVARS (2) = N

IVARS (3) = 0

IVAES (4) = 1

IVAES (5) = 0

IVARS (6) = 1

IVtu_S (7) = 15

IV.__R.S(8) = 0

IVAES (9) = N

DO 150 I = 1 , N

X(I) = (I - M) _'S

CONTINUE

CALL GVIEW(1)

CALL GPLOT3(IVARS,X,Y,Z)

CALL GECPF (XPI,0.,O.,'U',O,XC,YC,ZC)

CALL UPLOT (XPI,I.,O.,'U','A',O,'Y',IS)

CI_.L GRCPF (XP2,0.,O.,'U',O,XC,YC,ZC)

CALL UPLOT (XP2,1.,O.,'U','A',O,'Y',IS)

CALL GRCPF (XP3,0.,O.,'U',O,XC,YC,ZC)

CALL UPLOT (XP3,1.,O.,'U','A',O,'Y',IE)

RETU_;

END
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C

SUBROUTI_E VFIELD(BETA,PI,NO,NI,N2,N3,WAVLEN,PHI,PSI,G,GT,FT,QI)
C

C TIIIS SUBROUTINE CALCULATES THE VERTIC_ FIELD QUanTITIES

C

C_m.oeooo_**oo_o.o_oo_.oloeoo_oe_oQomooo_o_ooo_ooooooQo_ooooe_.oQ_om

C

INTEGER LIKLO,LIIIHI,FT1,FT2,Q1

REAL NO,N1,N2,t_3,EFIELD(SOO ),XI (SO0 )

DIHE_ISION XTITLE(7),YTITLE(3),PTITLE(6),TITLEI(_),TITLE2(4)

C

C

C

C

50

55

i00

C

SCALE = 50000000

HI=SQKT( (2_PIoNI/QAVLEN)eo2 - BETAo*2)

Q3=SQRT( BETA*o2 - (2_PI_NS/QAVLEN)_o2)

Q2=SQRT( BETA**Z - (2*PI*NZ/QhVLEN)**2)

QO=SQRT( BETA*_2 - (Z_PI_NO/QAVLEN)o*2)

PHI=AT_(QO/H1)

X=Q2/Q3

PSI=O.S_ELOG((I+X)/(1-X))

G:COS(HI_GT - PHI) /SINH(QZ_FT + PSI)

LIF_O= 1

LI_ZI= INT((FT+GT)_SCALE) + SO + Sl

FTI = It_T( FT $ SCALE + .St

FT2 : If_T( (YT + GT) _ SCALE + .S )

DO 100 O = LIMLO,LIMHI

I = d - S1

IF (I.LT. O) EFIELD(J): G_SINH(PSI)_EXP(O3_I/SCALE)

IF ((I.GE.O).AND.(I.LT,FT1))EFIELD(J)=G#SINH(O2_I/SCALE + PSI)

IF (.NOT.( (I.GE.FT1).AND.(I.LT.FT2))) GOTO SO

X = Hlo(I/SCALE - FT - GT)

EFIELD(J) = COS(X + PHI)

GOTO 55

IF (I .LT. FT2) GOTO _5

X = QO • (GT + YT - I/SCALE)

EFIELD(J) = COS(PHI) * EXP(X)

EFIELD(J) = EFIELD(J)_2

COHTI_;UE

F1 = FT1 * .02

F2 : FT2 * .02

CALL XYPLOT (O.,F1,F2,SI,0.O2,LI_{I,X1,EFIELD)

C

DATA YTITLE/'INTE'

DATA XTITLE/'VERT'

DATA PTITLE/'VERT'

DATA TITLEZ/'

DATA TITLE1/'

C

CALL TITLE3

CELL TITLE3

,'NSIT','Y '/

"'ICAL',' DIM','ENSI','ON (','MICR','ONS)'/

,'ICAL',' FIE','LD P','ROFI','LE '/

,'RIDG','E RE','GION'/

,'OUTE','R RE','GION'/

(3,9,1@,YTITLE,-I.,O.,O.)

(_,28,1_,XTITLE,O.,I.,O.)
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C

C

C;_LL TITLE3 (2,22,22,PTITLE,O.,1.,O.)

IF (QI .EQ. I) C_LL TITLE3(I,16,22,TITLE1,0.,1.,O.)

IF (Q1 .EQ. 2) C_LL TITLE3(1,1G,Z2,TITLE2,0.ol.tO.)
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C

C

C

C

THIS SUBROUTINE HILL PLOT T CUTOFF VS. Z_AL(GUIDE LAYER)

FOR BOTH TE AND TM nODES

C

S

C

10

C

C
C

C

C

20

22

C

C

C

C

* NOTE: N1 >N2 > NO

REAL NL,NR,t4C,NO,NI,N2

REAL X(8q),TC(Sq),Z(Sq)

INTEGER IVARS(9)

DIME_SIO_ XTITLE(S),YTITLE(7)

HAVLEN = HAV o i000000

NO : PJIII_I(t_L,t_R)

t|2 = tOIAXI(t_L,t_R)

PI = 2 • ARSI_(I.O)

K = 2 • PI / WAVLEN

XC = 0.0

I = 1

DO 5 J : 1,8q

TC(J) : 0.0

COt4TIt|UE

N1 = _LTO_I(XC,HAVLEN)

IF (t41 .LE. N2) GOTO 20

SOl = SQRT(NI''2 - N2"'2)

SQ2 = SQRT(N2"_2 - NO'_2) / SQI

SQ3 = ((NI/NO)_'2) " SQ2

SQq = K " SQI

TC(I) = hThN(SQ2) / SQq

TC(I+21) = (PI + ATAN(SQ2) ) / SQ_

TC(I+42) = ATAN(SQ3) / SQQ

TC(I+63) = (FI + ATAN(SQ3) ) /SQq

XC = XC + i

I =I +i

GOTO 10

DO 22 J = 1,84

IF (TC(J) .GT. 10.) TC(J) = O.

COtlTINUE

PLOT T}_ CUTOEF CURVES
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25

30

C

tC

DO 30 J = 1,21

X(J) = J - 1

X(J+21) : J - 1

X(J+42) = J - 1

X(J+63) = J - 1

CO_ITINUE

DATA IVARS/9,8_oOoloO,I,15,0,21/

C_L GVIE;_(1)

CALL GFLOT3(IVARS,X,TC,Z)

C

DATA XTITLE/'ZAL ','IN G','UIDE',' LAY','ER '/

DATA YTITLE/'CUTO','FF T','HICK','NESS',' (HI','CRO_J','S)

C

CALL TITLE3(3,Z6,14,YTITLE,-I.,O.,O.)

CALL TITLE3(4,18,1_,XTITLZ,O.,I.,O.)

C

C

C

I000

CALL DISPLA(1)

,/
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C
C THISSUBROUTINECALCULATESTHENUr[BEROFMODES
C SUPFOKTEDIN EITHERTE ORTM MODE
C USINGA 3-LAYERAFPROXI_%TION
C
C_*o**oe*o*o_mooooemooo_oooo_,_eoooooo_o_o_o_ooo_ooo_eoooomo.o._Q_o

C

FUNCTION NMODES (NL,NI,NR,T,QAVLEN,PI,FLAG)
C

C

C

C

C

C

C

I0

C

C

REAL NL,NR, NO, NI, N2,T, QAVLEN, Pl, K

INTEGZR FLAG

NO = AMINI(NL,NR)

N2 = IHIAXI(NL,NK)

SOl = SORT(NI_*2 - N2"'2)

SQ2 = SQKT(N2*,2 - NO**2) / SQI

IF (FLAG .EQ. i) SQ2 = SQ2 * ( (NI/NO)**2)

IF (FLAG .EQ. 2) GOTO I0

V2 = (PI*T/WAVLEN) * SO1 * 2.

N_ODES = INT((V2-AT_(SQZ))/PI) + 1

RETURN

K : 2 * Pl / (HAVLEN * 1000000)

N_ODES = I0000 * (FI + AT_;(SQ2)) / (K * SQI)

RETUP2_

END

C
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Appendix D. Coplanar Electrode Field An,_,ivsis F'roqram

> q

i T y
Z

2_

_0 _',:i, _

Fisur-e 43. Coplanar Wave_uide

Definition of terms: [31]

k=c/f

v=_tK-2_ 1

6=wlb

k' = K k

E - K
P

_- = (s+w) / b

/" i'2b v 1"'Fn = I +Ink .I
= /xi - 12bul'

Fni _ Ink )

"Yn = (Fn_nn] ./ b

r n = -Ynl d + tanh -I [Fnl/erFn]

gn = 3'nld + c°th-I [Fnx4=nl]

Yni = [Enl °n,_:] ,,'b
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A. Air Side: (z _ (]))

2V
= 0

Ey -E-
n >0

{sin (nn_/2) -?n Iz I(nn6/--) sin ?-_)} sin r-_ Y-) e

E_

2V ° c:,
p---- - sin n7- -? Iz I

n>O " •

B. Substrate Side of Slot: (0 _< z S d)

E = a
>C 2V o e 2 Fsin (nn_/2) In _E) ]..:_ -b 2- -_ (nn6/2) sin 2 .

n>O n [1 + _--_1].

[ oth, o,- t--,ro,

CO

2Vo {sin (n_12)Ey = "W- _ " (nng/2)
n>O

cosh(-YnlZ) -

tanh(rn) + (n_)" c°th(qn)

1 + r2-_- _i
L:IX '

sinh (-:,,nl =) 1

_'vo _SEz - -b-- _ 1 " in(nnA/2) sin t-_)j- cos I_-.) ,

sinh( - tanh cosh( "l.(r n )
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\

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

COPL_AR WAVEGUIDE FIELD COMPONENTS

SUBROUTINES CALLED :

i. INFUT : GETS THE H_VEGUIDE DI_IENSIONS

2. INVCTN : INVERSE HYFERBOLIC COTANGENT

3. INVTAN : INVERSE HYPERBOLIC TANGENT

VARIABLE LIST

REPd.*8 S,H,D.B,EREL,FREO,KAPF_,FI,H_VLEN,GDH_VL,U,V

KEAL.8 DELTA,DELTAB,FN,FNI,EX,EY,EZ,X,Y,Z,ZI

REAL*8 GAM]IA,GAIS_AI,TEMFI,TEI_PZ,RN,ON,SINI,COSI

REAL*8 yFhhX,ZMAX,YINC,ZINC,TEMF,SLOFE

REAL*8 YFHR,ZFHR,AKEA

INTEGER N_NT,NFIN,NO

C

C

C

C

C

C

C

C

LO;_ THE HAVEGUIDE PARgl_TERS

PUT CONFIGURATIOn' DICTA INTO THE FILES

HRITE(91,700)

KFEITE(92,700)

_IRITE(93,700)

I.IRITE(91,610)

IJRITE(9Z,610)

&4RITE(93,610)

HRITE(91,620)

;4RITE(9Z,620)

HRITE(93,620)

h'RITE(91,700)

W'RITE(92,700)

HRITE(93,700)

S,H,D,B

S,H,D,B

S,H,D,B

EREL, FREQ, KAPPA

EREL, FREO, KAPPA

EREL, FREO, KAPPA

610 FOR/%_T(IX,'S = ',F9.7,"

620 FORMAT(IX,'EREL = ',F5.2,'

C

C

INITIALIZE TI_ CONST_4T$

PI = _,DhT_(I.O)

EKEL = 13.

QhVLEN = 2.998E+08 / FKEO

GDHAVL = KAPPA * HAVLE_!

C

C

= ' F9.7,' D =',F9.7,' B =',F9.7)

FREO = ',FIS.I,' KAPPA = ',F20.15)
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C

C
C

V : DSQRT( I/(K_PA"*2) - i)

U : DSCKT( EREL - II(KAPFA''2) )

DF_.LT;%= _I / B

DZLTAB = (S+_)/B

INIVIt_IZE THE USEFUL CONSTanTS

NO = 3881

Z1 = 6.299 m 0.000001

¥INC = ZS.O • 0.000001

ZINC = 5.0 * 0.000001

YMAX = 500.0 * 0.000001

Ztt_X = I00.0 • 0.000001

AREA = 125. _ 1D-12

C

C

Co_ogoeoooeooooooo_oooo600oooo_o_oo_oooooooOoooO_ooQo_eoo_eOoeoeoo

C

C

C

ZERO TIE POWER SUI_'_TIONS

YPL_ = O.

ZP_R = O.

C

C

C
C

C ZERO TIE FIELDS

NT = NO / (i + (Z/Z1))

C

C CALCULATE TI_ FIELDS
C
C

_=0

lOS _ = H + 1

FN = DSQRT(1 + (2_B_V/(H'WAVLEN))*'2)

FNI = DSQRT(I - (2"B'U/(H'_AVLEN))''2)

G_tNA = FN'H'PI/B

GIUI/1AI = FNI'N'PI/B

TEMPI = FNI/(EKEL'FN)

CALL INVT_(TE_PI,KN)

IF (_ .EQ. -i0.) GOTO 30

TEMPI = FN/FHI

C,%/-LI_IVCT_;(TEZ_I,QN)

IF (ON .EQ. -I0.) GOTO 30

GOTO 3S

C

C

ZOO Z : I00. • 0.000001

ZlO Y = O. • 0.000001

220 EX = O.

EY = O.

EZ = O.
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C

:30

725

C
35

C

C
50

C

C

C

75

C

C

_ITE (_3,725)

FOR/I_T(1X,'**********,********')
NFIN:M

GOTO i00

NFIN = M

PuN = KN + GA/_IAI*D

ON = ON + GP2I_I_I*D

IF (Z .GT. 0.) GOTO 50

TEMP = M_PI*DELTA/2

SINCI=DSIN(TEMP)/TEMF

SINI=DSIN(M_PI_DELTAB/2)

SIN2=DSIN(M*PI*Y/B)

EY = EY + (SINCI*SINI'SIN2*DEXP(GA/I]IA*Z))

COS2=DCOS(M*PI-Y/B)

EZ = EZ + (SIt:CI'SINI'COS2_DEXP(GAM]IA_Z)/FN)

EX = O.

C_TO !o0

IF (Z .GT. D) GOTO 75

TEMP = M*PI*DELTA/2

SINCI = DSIN(TEMI')/TEMP

SIN1 = DSIN(M*PI_DELTAB/Z)

COS2 = DCOS(M_PI'Y/B)

TE_IFI = ((I/DTANH(ON))-DTANH(KN))'DSINH(GAMIIAI*Z)

TEMF2 = (2"BI(M_GDWAVL))''2 + I

EX = EX + (SINCI_SINI'COS2"TEMFI/(M'TEMPZ))

SIN2 = DSIN(M*PI*Y/B)

TEMPI = (2$B/(M*GDHhVL))_*2

TEKF2 = DTANH(_) + (TE_PI/DTANH(QN))

TEMP2 = DCOSH(GAM_AI*Z) - (DSINH(GAJIMAI*Z)*TE_LD2/(I+TEMIPl))

EY = EY + (SINCI'SINI'SIN2*TEI_2)

TEMPI = DSINH(GAMMAI'Z) - (DThNH(_)*DCOSH(GAIIMAI*Z))

EZ =EZ + (SINCI-SINI-COS2"TEMPI/FN)

GOTO 100

ZTEMF = Z
Z = D

TE_IP = M_PI*DELTA/Z

SINCI = DSIN(TEMP)/TE_F

SINI = DSIN(M*PI_DELT_B/2)

COS2 = DCOS(M*PI*Y/B)

TEMPI = ((I/DT_NH(QN))-DT_NH(KN))oDSINH(G_IMAI-Z)

TE_2 = (2-B/(M_GDMhVL))_'2 + 1

EX = EX + (SINCI'SINI'COSZ*TEMFI/(M*TEr[FZ))

SIN2 = DSIN(M'PI*Y/B)

TEMPI = (2"B/(M,GD_AVL))''2

TEMF2 = DTANH(RN) + (TEMPI/DTANH(ON))
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C

TEIIF2 = DCOSH(GAI_'L%IoZ) - (DSINH(GAIIYIAI_Z),TEI_P2/(I+TEIIPI))

EY = EY + (SINCI'SINI'SIN2"TEIIF2)

TEll21 = DSINH(GAI[MAI-Z) - (DTANH(RN)*DCOSH(G_I,Z))

EZ =EZ + (SINCI'SINIoCOS2"TErL_I/FN)

C

C

I00

80

C

C

C

C

C

125

C

TE_IPI = DEXP(-GAI[MA*(Z-D) )

EX = EX * TEMPI

EY = EY • TEMPI

EZ = EZ 4.TEIIFI

Z = ZTEI_P

CONTINUE

FORIi_T(IX,'M = ',I4)

IF (M .LT. NT) GOTO 10S

IF (NT .EQ. NFIN) GOTO 12S

_RITE(91,717)NFIN,NT

WRITE(_2,717)NFIN,NT

_IT_<93,717)NFIN,NT

EX = 2*EX':DWAVL

EY = 2*EY/B

EZ = -2_EZ/B

SLOPE = EY / EZ
YP_R = YP_ + t_REA * (EY**2))

ZF_IR = ZPLTR + (AREA * (EZ**2))

_ITE DATA TO FILES _ND SCREEN

_ITE(_3,700)

LIRITE(91,710) y,Z,EY,YPIaI,NFIN

t4RITE(92,715) Y,Z,EZ,ZP_R,NFIN

WRITE(93,716) Y,Z,SLOPE,NFIN

Y = Y + YI_:C

IF (Y .LE. YII;bX) GOTO 220

_ITE(91,700)

WRITE(91,702)

_ITE(91,700)

f_ITE(9Z,700)

LIRITE(92,702)

_TRITE(92,700)

WIIITE(93,700)



q,

C

C

700

702

710

71S

716

717
720

730

7qO

C

C

C

_ITE(93,702)

_ITE(93,700)

Z = Z + ZINC

IF (Z .LE. ZtIAX) GOTO 210

FORnAT(IX)

FOR/_T(1X,'*'" *** "'"

FOP_'/AT(IX,'Y = ',FIO.7,'

i ' YP_ = ',F2S.IS,'

FOPCIAT(IX,'Y = ',FIO.7,'

1 ' ZPH_ = ',FZS.1S,'

FOPd_L_T(IX,'Y = ',FIO.7,'

i ' NT = ',IS)

FOPdI_T(IX,'NEXT LINE: NFIN_J. =

FOKtIAT(IX,'EY = ',F2S.IS)

FOP_L_T(IX,'EZ = ',F2S.IS)

FORrh_T(IX,'Y = ',FIO.7,' Z =

OO0 Q_O 00_

Z = ',F10.7,'

NT : ',I5)

Z : ',FIO.7,'

NT = ',I5)

Z : ',F10.7,'

P_I4, f

000 'OmO _00 e)

EY : ',FZB.lS,

EZ = ',FZS.IS,

SLOPE : ',F20.10,

THEORY NTER11 : ',I_)

',FIO.7,' NFIN : ',IB)

STOP

END
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C

C THIS SUBROUTINE GETS THE COPLAN_ _AVEGUIDE PARAII_TER5
C

C$$$$meOoO@o_eO$$OOQO_@$e_QOO*OO*$*$$OOQ_$Q_I_$O$_.@$$O$.0_$o$_OO$$$O

C

SUBKOUTINE INPUT (S, H, D, B, FREO, KAFPA)
C

C

C

5

C

C

i0

20

30

(IO

5o

60

70

80

C

i00

110

C

REAL*8 S,Q,D,B,FREO,KAPFA

DATA Y/'Y '/

h'RITE(q3,10)

h'RITE(_3,20)

READ(g0,100) S

S = S * .000001

HRITE(_3,30)

-REI_(90,100) U

U = H $ .000001

READ(90,100) D

D = D $ .000001

HRITE(q3,50)

READ(90,100) B

B = B $ .001

HKITE(q3,60)

RE_(80,100) FREQ

FREO = FREO * i000000000

HRITE(q3,70)

READ(90,100) KAFFA

h'RITE(_3,80)

REED(90,110) QUES

IF (OUES .EQ. Y) GOTO S

RETUPe_

FOPCL%T(IX)

FOP_L%T(IX,'ENTER SLOT WIDTH (MICRONS) : ')

FUR/I_T(IX,'ENTER GAP WIDTH (MICRONS) : ')

FOPJIAT(IX,'ENTER WP,FER THICKNESS (MICRONS) : ')

FOf_L%I(IX,'ENTER B (HILLII_ETERS) : ')

FORYuXT(IX,'ENTER FREQUENCY (GHZ) : ')

FOPSL_T(IX,'ENTER KAPPA : ')

FORfLXT(IX,'CHANGE FARAfIETERS (Y/N) ? ')

FO_T(Gll.5)

FOPJL%T(AI)

END

C



C

C

C

C

RE,kL'8 X,Y

IF (1 .LE. X''2) GOTO I00

Y = 0.5_/.OG((I+X)/(I-X))

RETU_4

100

C

ii0

115

120

C

_RITE(43,110)

HRITE(q3,115) X

_;RITE(q3,120)

HRITE(q3,110)

Y = -i0.

RETU_;

FOKMAT(IX)

FORILhT(IX,' X = ',FZ5.15)

FORI%hT(1X,'*''* INVALID _RCT_H **''')

END

C
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C

C

C

C

I00

C

ii0

IIS

120

C

KEhL*8 X,Y

IF (I .GE. X**2) GOTO 100

Y = O.S*ALOG( (X+I)/(X-I) )

RETU_

I/RITE(_3,110)

I/RITE(43,11S) X

;/RITE(q3,120)

_IT_(q3,110)

Y : -i0.

R/!TUP_I

FO PJIAT(1K )

FOFd_KT(IX,' X = ',F2S.IS)

FOFO_%T(IX, '**** It_VALID INVCTNH _O00P_

Et:D

C
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